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Abstract

Muscular atrophy is a mortality risk factor that happens with disuse, chronic disease, and aging.
Recovery from atrophy requires changes in several cell types including muscle fibers, and satellite
and immune cells. Here we show that Zfp697/ZNF697 is a damage-induced regulator of muscle
regeneration, during which its expression is transiently elevated. Conversely, sustained Z{p697
expression in mouse muscle leads to a gene expression signature of chemokine secretion, immune
cell recruitment, and extracellular matrix remodeling. Myofiber-specific Zfp697 ablation hinders
the inflammatory and regenerative response to muscle injury, compromising functional recovery.
We uncover Zfp697 as an essential interferon gamma mediator in muscle cells, interacting
primarily with ncRNAs such as the pro-regenerative miR-206. In sum, we identify Zfp697 as an
integrator of cell-cell communication necessary for tissue regeneration.

One Sentence Summary
Z{p697 is necessary for interferon gamma signaling and muscle regeneration.
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Introduction

Skeletal muscle is fundamental for breathing, posture, and locomotion and plays a crucial role in
the regulation of energy metabolism (/). Skeletal muscle mass and function are associated with
overall quality of life and health and are inversely correlated with the risk of death. Depending on
use and disuse muscle can change its mass, metabolism, and fiber size and type (2). Both muscle
regeneration and hypertrophy depend on changes in several cell types that include muscle fibers,
satellite cells, fibro-adipogenic progenitors and immune cells (3, 4). Perturbations in any of these
components will affect functional recovery. Indeed, it has been shown that failure to recruit
immune cells such as neutrophils, macrophages, and T cells compromises muscle repair and growth
(5, 6). Accordingly, several cytokines and chemokines have been involved in mediating the cell-
cell communication processes necessary for tissue repair. Lastly, remodeling the extracellular
matrix (ECM) is necessary to create the right tissue environment and structure to support and
transduce force generated by regenerating fibers or as they become larger and stronger. As
dependent as muscle regeneration and hypertrophy are on these inflammatory and remodeling
processes, failure to resolve them results in tissue fibrosis and progressive loss of function (7). This
is often seen in muscular dystrophies, where constant tissue injury created by fiber fragility
promotes exacerbated immune cell infiltration, permanent tissue inflammation, and excessive
ECM deposition and remodeling (8). Understanding how these processes are regulated has
important implications for clinical and space medicine and will pave the way for the development
of therapies for muscle injury, trauma, recovery from intense exercise, and muscle genetic diseases.
Here, we uncover the role of the previously uncharacterized gene and protein zinc finger protein
697 (Zfp697 in mice and ZNF697 in humans) as a central regulator of muscle inflammation,
regeneration, and compensatory hypertrophy. We show that Zfp697 expression is transiently
increased in situations of intense exercise, muscle injury or recovery from atrophy and promotes
the expression of genes involved in immune cell recruitment, satellite cell activation, and ECM
remodeling. Loss of Zfp697 expression in the muscle fiber severely compromises muscle repair,
force recovery, and function, whereas prolonged Z{fp697 expression leads to tissue inflammation
and fibrosis. In addition, we explore the mechanism of Zfp697 action and regulation by upstream
stimuli and identify a critical role in transducing the regenerative actions of interferon gamma
(IFNy) in muscle.

Z1fp697 expression is induced during skeletal muscle recovery from atrophy or injury

To identify molecular mechanisms that control skeletal muscle transition from atrophy to
compensatory regeneration and hypertrophy, we used a mouse model of hindlimb
unloading/reloading (Fig. 1A) (9, 10). This protocol results in approximately 30% reduction in
gastrocnemius mass after 10 days of unloading, which requires more than 7 days of reloading to
recover to control levels (Fig. 1B). To identify gene regulatory events taking place upon muscle
reloading, we performed global gene expression analysis by RNA-sequencing (RNA-seq) of
gastrocnemius muscle collected from control mice, mice at 10 days of unloading-induced muscle
atrophy (hindlimb unloading) and from mice returned to normal cage activity for 1 day (reloading)
(Fig. 1C and fig. S1A; Data S1).
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Fig. 1. Zfp697 expression increases during muscle recovery from atrophy. (A) Overview of the mouse
hindlimb unloading and reloading protocol. (B) Change in mouse gastrocnemius mass (normalized by tibia
length) during hindlimb unloading and reloading (n = 6-18). One-way ANOVA with Tukey’s multiple
comparisons test. (C) RNA-seq of mouse gastrocnemius muscle after 10 days of hindlimb unloading, 10 days of
unloading followed by 1 day of reloading, and controls (n = 2-4 per condition). Heatmap highlights genes
differentially expressed between unloading compared with control mice, and reloading compared with unloading.
(D) Gene set enrichment analysis (GSEA) for hallmark pathways in mouse gastrocnemius after hindlimb
unloading and reloading. FDR, false discovery rate. (E-F) MA plots of gene expression levels in mouse
gastrocnemius after 10 days of unloading compared with control, and 1 day of reloading compared with 10 days
of unloading. Red dots indicate genes with significantly increased expression, while blue dots indicate genes with
significantly decreased expression (padj < 0.05). Known and putative transcriptional factors are highlighted. TF,
transcription factor; padj, adjusted p-value. (G) Genome browser tracks of the mouse Zfp697 gene highlighting
RNA-seq data for control, unloaded and reloaded gastrocnemius, and PhastCons60 vertebrate conservation score.
(H) Schematic representation of the Zfp697 protein and its predicted glutamine-rich and zinc finger structural
domains. The numbers shown refer to amino acid positions in the mouse Zfp697 protein. (I) Zfp697 gene
expression in mouse gastrocnemius during hindlimb unloading and reloading (n = 6-8). One-way ANOVA with
Tukey's multiple comparisons test. Data represent mean values and error bars represent SEM.

Gene set enrichment analysis (GSEA) of “unloading vs control” and “reloading vs unloading”,
performed with hallmark gene sets (/7), revealed in common between both groups a repression of
oxidative metabolism and myogenesis-related pathways and an induction on unfolded protein
response (Fig. 1D; Data S2). Among the pathways repressed with unloading but induced with
reloading we found NF-kB and IFN alpha and gamma signaling. Unique to the early reloading set
were pathways related to epithelial-mesenchymal transition, mTORC signaling, hypoxia and
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angiogenesis, glycolysis, and TGF-f signaling (Fig. 1D). To identify potential upstream regulators
of genes involved in those different biological processes, we overlapped our RNA-seq data with a
list of known and predicted transcription factors (TFs) (/2). With this approach we identified
several well-known regulators of muscle stress response (Atf3, Xbpl) (/3), metabolism (Nr4a3)
(14), and regeneration (Runx1, Mef2c) (15) (Fig. 1, E and F). Among the transcripts increased
during the reloading phase we found the previously uncharacterized Zfp697 (which is annotated in
diverse biological activities and mechanisms of action, that includes several TFs (/6), we decided
to investigate the role of Zfp697 in skeletal muscle. Zfp697 is a highly conserved gene encoding a
569 amino acid protein with an N-terminal glutamine-rich domain, followed by eleven C2H2 zinc
finger domains (Fig. 1, G and H). gRT-PCR analysis of muscle samples from the
unloading/reloading time course shown in Fig. 1, A and B, confirmed that although Zfp697 levels
don’t change during the unloading period, they increase 7.5-fold after 1 day of reloading, and
quickly return to baseline at day 3 (Fig. 11). In a similar fashion, ZNF697 was also increased in
human skeletal muscle upon ambulatory reloading following limb unloading (fig. S1, B and C)
(17). Interestingly, analysis of muscle RNA-seq data from a unloading/reloading protocol using
adult vs old mice (/8), revealed a similar reloading-induced increase in Zfp697 levels in adult mice,
that was lost in the aged group (where it is already elevated in controls) (Fig. S1D). Additional
analysis of skeletal muscle RNA from different mouse models or interventions revealed that
Zfp697 is also transiently elevated in response to Br-adrenergic receptor (B2-AR) agonism (fig.
S2A), acute sub-maximal exercise (fig. S2B), muscle injury (fig. S2C), and lipopolysaccharide
administration (LPS, fig. S2D). In human skeletal muscle, ZNF697 expression was also transiently
increased following aerobic, resistance, or high intensity interval training (fig. S2, E and F).
Interestingly, Zfp697 expression remained elevated in situations of unresolved muscle damage
such as muscular dystrophy (fig. S2G) (/9) or cancer-related cachexia (fig. S2H) (20). In agreement
with the data shown in fig. SID, we determined that Zfp697 expression in mouse muscle
progressively increases with age (fig. S2I) and is strongly increased in a model of denervation (fig.
S2J). ZNF697 expression was also higher in muscle of type 2 diabetic patients, following exercise
(fig. S2K) (21).

Zfp697 mediates the interferon gamma response in muscle cells

To determine which cell types within the muscle tissue express Zfp697 we queried the publicly
available scRNA-seq resources MyoAtlas (22) and datasets for regenerating skeletal muscle
stromal vascular fraction (i.e. mononuclear cells) (23). These analyses revealed that at baseline
Zfp697 is expressed in mature fibers in both tibialis anterior (TA) soleus muscles (fig. S3A and
S3B). Both muscles show Zfp697 expression in other cell types most notably in soleus fibro-
adipogenic precursors (FAPs) and endothelial cells (fig. S3B). Non-fiber expression can also be
seen in mononuclear cells in regenerating muscle (fig. S3C).
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Fig. 2. Zfp697 is necessary for IFNy signal transduction in myotubes. (A) Zfp697 gene expression in mouse
primary myotubes with Zfp697 gain- or loss-of-function. For gain-of-function experiments, fully differentiated
myotubes were transduced with adenovirus expressing GFP alone (Ad-GFP) or together with Z{p697 (Ad-
Zfp697; n = 4 independent experiments). For loss-of-function, cells were transduced with adenovirus
expressing Zfp697-specific (Ad-shZ{p697) or scrambled control shRNAs (Ad-shControl; n = 3 independent
experiments). Two-tailed Student’s paired t test versus respective control. (B) Gene expression analysis of
chemokines in mouse primary myotubes with Z{p697 gain- or loss-of-function. Two-tailed Student’s paired t
test versus respective control. (C) Gene set enrichment analysis for hallmark pathways in mouse primary
myotubes overexpressing Zfp697. FDR, false discovery rate. (D) MA plot showing mean gene expression
versus log, fold-change in mouse primary myotubes overexpressing Zfp697. Differentially expressed genes are
shown in blue (padj < 0.05). Interferon gamma response genes are highlighted in red. padj, adjusted p-value.
(E-F) Gene expression analysis of Zfp697, chemokines and interferon gamma (IFNy) response genes in mouse
primary myotubes after Zfp697 loss-of-function and treated with IFNy or control (20 ng/mL for 8 hours; n =3
independent experiments). Two-way ANOVA with Tukey's multiple comparisons test. Data represent mean
values and error bars represent SEM.

To begin uncovering the biological role of Zfp697 we used recombinant adenovirus to increase or
silence Zfp697 expression in mouse primary myotubes (vs a GFP or scrambled shRNA control,
respectively) (Fig. 2A). Initial analysis by qRT-PCR focused on some of the genes highlighted in
the gastrocnemius reloading RNA-seq analysis (Fig. 1D), namely cytokines and chemokines. With
this approach we determined that Zfp697 expression in myotubes positively correlated with the
mRNA expression for the analyzed cytokines and chemokines, in both gain- and loss-of-function
experiments (Fig. 2B). To better understand the overall effects of Zfp697 in myotubes, we
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performed RNA-seq under the gain-of-function experimental conditions (fig. S4A; Data S3).
GSEA for hallmark pathways highlighted, amongst others, IFN response, JAK/STAT signaling,
and inflammatory response (Fig. 2C; Data S4) which largely overlapped with pathways observed
for the reloaded gastrocnemius muscle (Fig. 1D). In particular, the IFNy response pathway (Fig.
2C) and its main target genes (Fig. 2D) were consistently highlighted. Moreover, GSEA for cellular
component pathways suggested the induction of transcriptional programs related to ECM
remodeling, vesicle trafficking and secretory apparatus (fig. S4B). Analysis of distant regulatory
elements (DiRE) (24) predicted to mediate the observed gene expression patterns, revealed that
genes induced by Zfp697 are also potentially regulated by the transcription factor families STAT
and SMAD (fig. S4C). Interestingly, there are several evolutionarily conserved STAT binding sites
within the proximal promoter for the Zfp697 gene (fig. S4D), which proved to be inducible in
myotubes by IFNy treatment but not by TNFa (fig. S4E). Together, these data and the fact that
IFNy has been implicated in muscle regeneration (25, 26), prompted us to investigate whether
Zfp697 is part of the IFNy signal transduction pathway. We next treated mouse primary myotubes
with recombinant IFNy after silencing Zfp697 expression (vs a scrambled control shRNA).
Although Zfp697 transcription was only modestly induced by IFNy treatment, it was required for
the basal expression of several chemokines and known IFNy target genes and proved to be
strikingly necessary for IFNy response (Fig. 2. E and F). When comparing genes regulated by
Zfp697 expression in primary myotubes with genes differentially expressed in the reloaded mouse
gastrocnemius, shared genes with increased expression (535 genes) clustered around pathways of
cell adhesion, immune cell recruitment, and cytokine-mediated cell-cell communication, whereas
genes with commonly decreased expression highlighted different metabolic pathways (fig. S4G;
Data S5). Focusing this analysis specifically on IFNy target genes, we observed a significant
overlap between those increased by ectopic Zfp697 expression in myotubes and those increased
during the early reloading stage of the unloading/reloading protocol (when Z{p697 itself is
increased) (fig. S4H).

Zfp697 is an RNA-binding protein that targets IncRNAs and miRNAs

Since Zfp697 is mostly composed of zinc finger domains, we first thought it could function as a
DNA-binding TF. To test that possibility, we performed chromatin immunoprecipitation followed
by sequencing (ChIP-seq) in mouse primary myotubes expressing Flag-Z{p697 or a GFP control.
Surprisingly, the results from these experiments revealed very few chromatin regions associated
with Flag-Zfp697 (fig. SSA). Although these data do not conclusively prove that Zfp697 does not
bind DNA, they suggest that Zfp697 might not work primarily as a TF. In support of this notion,
we observed that purified GST-fused Zfp697 can interact directly with RNA (Fig. 3A). This
interaction relied on the zinc finger domains, since a truncated mutant lacking the zinc finger
domains bound RNA to the same level as GST alone (Fig. 3A).
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Fig. 3. Zfp697 is an RNA-binding protein that interacts with ncRNAs and miRNAs. (A) In vitro RNA-
binding assay performed with GST alone (control), full-length Zfp697, and Zfp697 N-terminus (aa 1-192) lacking
all the zinc finger motifs. Results are displayed as percentage of input recovered (n = 3-4). One-way ANOVA
with Fisher’s LSD. (B) Overview of the enhanced UV crosslinking followed by immunoprecipitation (eCLIP)
sequencing protocol. (C-D) Volcano plot (bottom left panel) and distribution (top right panel) of significantly
enriched Z{p697 eCLIP peaks in mouse primary myotubes overexpressing Z{p697. Cutoffs of eCLIP IP/SMInput
log> fold enrichment and -logio pad;j are denoted by dashed lines (padj <0.001, fold enrichment > 8, IDR < 0.01).
Color coding represents location of Zfp697 binding sites across genic regions. padj, adjusted p-value; IDR,
Irreproducible Discovery Rate. (E) Proportion of significantly enriched binding sites mapped to miRNA for
Zfp697 (red) compared to other RNA binding proteins (RBPs) with eCLIP data in ENCODE 3. (F) Genome
browser tracks showing Zfp697 binding site at miR-206-3p. PhastCons60 represents vertebrate conservation
score. SMInput, size-matched input; RPM, reads per million. (G) Expression of miR-206-3p and miR-206-5p in
mouse primary myotubes overexpressing Zfp697 (n = 3 independent experiments). Two-tailed Student’s paired
t test versus Ad-GFP. (H) Expression heatmap and log, fold-change of miR-206-3p target genes in mouse
primary myotubes overexpressing Zfp697 determined by RNA-seq. padj, adjusted p-value; ns, not significant.

To further investigate the RNA-binding properties of Zfp697 and identify Zfp697-bound RNAs,
we performed enhanced crosslinking and immunoprecipitation (eCLIP) using the same primary
myotube experimental setup as for the ChIP-seq experiments but analyzed by eCLIP followed by
high-throughput sequencing (eCLIP-seq, Fig. 3B and fig. S5B) (27). With this approach we
identified 170 Zfp697-associated eCLIP peaks (Fig. 3, C and D; Data S6), corresponding to 98
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unique genes, that were significantly enriched compared to a size-matched control (p < le-3, FC >
8). Nearly half of the significant peaks mapped to RNAs that originate from distal intronic regions
(Fig. 3C). The median length of these distal intronic peaks was 26 bp, which is close to the typical
size of miRNAs (22 bp), suggesting that some of these peaks could represent unannotated miRNAs
(fig. S5C). Additionally, approximately 4% of the peaks mapped to annotated miRNAs. To
normalize these results for the different average lengths of each type of transcript feature, we
applied a region-based CLIP enrichment workflow
(https://github.com/YeoLab/region _based CLIP_enrichment). The length-normalized analysis
showed that the proportion of peaks mapping to miRNAs is enriched 2.3-fold compared to a null
distribution. Indeed, when compared to eCLIP results from the ENCODE 3 dataset (n=223 eCLIP
experiments) (27), the proportion of Zfp697 peaks mapping to miRNAs is higher than 99% of other
datasets, even exceeding the known miRNA processing factor DROSHA (Fig. 3E). Compared to
ENCODE 3, miRNA was the most highly over-represented transcript type (fig. S5D). Other
genomic locations showing high association with Zfp697 were non-coding exons, with the least
represented locations being coding sequences (fig. S5D). Interestingly, one of the top hits among
Zfp697 miRNA targets was miR-206-3p, which has been previously shown to promote skeletal
muscle regeneration (Fig. 3F) (28, 29). In line with that observation, we determined that myotubes
overexpressing Zfp697 exhibit reduced abundance of the miR-206-5p passenger strand, suggesting
Zfp697 promotes the usage of miR-206-3p as the mature strand (Fig. 3G) (30). In agreement,
analysis of the mRNA abundance for miR-206-3p targets previously reported to be downstream of
its regenerative effects in muscle (28), showed the expected reduction in Zfp697-expressing
myotubes, although not for all genes (Fig. 3H).

Myofiber-specific Zfp697 knockout compromises muscle recovery from atrophy and injury

To test the effects of Zfp697 expression in vivo, we used adenovirus-mediated gene delivery by
intramuscular injection in SCID mice (vs a GFP control in the contralateral limb; fig. S6A). This
resulted in a mild but sustained overexpression of Zfp697 until 7 days post-injection (fig. S6B).
Targeted qRT-PCR analysis of some of the pathways highlighted by the previous RNA-seq data
sets, revealed that muscles transduced with the Zfp697-encoding adenovirus (vs the GFP
transduced contralateral limb) had higher expression levels of several chemokines and their
receptors (fig. S6, C and D), genes related to IFN signaling (fig. S6E), immune cell markers (fig.
S6F), and ECM remodeling genes (fig. S6G). In line with these gene expression patterns, we could
detect signs of tissue fibrosis by immunohistochemical analysis of the transduced muscle (fig. S6,
H and I). Importantly, we also determined that Zfp697/ZNF697 expression is robustly increased in
situations of disease with a strong unresolved inflammation and fibrosis component. These
included mouse kidney injury and different mouse models of heart failure and dysfunction (fig.
S7).

To evaluate the consequences of loss of Zfp697 function in muscle, we generated a myofiber-
specific Zfp697 knockout mouse (Zfp697 mKO). This was achieved by creating a mouse line
carrying loxP sites flanking the coding sequence within exon3 of Zfp697 (which encodes 86% of
the protein, including all zinc finger domains) (Fig. 4A), which was crossed with the Mef2c
enhancer/myogenin promoter-Cre line (37) (Fig. 4A and fig. S8A). Zfp697 mKOs showed reduced
but not absent Zfp697 expression in muscle tissues (reflecting Zfp697 expression in other cell
types), and no changes in any other analyzed tissue (fig. S§B).
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Fig. 4. Skeletal muscle-specific Zfp697 knockout blunts recovery from injury. (A) Schematic representation
of the strategy adopted to generate skeletal-muscle specific Zfp697 knockout mice (Zfp697 mKO) and flox
controls. Red arrows indicate loxP sites location. (B) Experimental approach for hindlimb unloading and
reloading of Zfp697 mKO and flox littermates. (C) Zfp697 gene expression in the gastrocnemius (left panel) and
soleus (right panel) of Zfp697 mKO and flox littermates following hindlimb unloading and reloading. Two-tailed
Student’s t test compared with time-matched flox controls. (D) Muscle mass change after 10 days of hindlimb
unloading comparing Zfp697 mKO and flox littermates with pre-unloading genotype-matched controls (n = 6).
Two-tailed Student’s t test. (E) Muscle mass change after 1 or 3 days of hindlimb reloading comparing Zfp697
mKO and flox littermates with genotype-matched 10 days of unloaded mice (n = 6). Two-way ANOVA with
Sidak's multiple comparisons test. (F) Change in body-weight-normalized grip strength following a single bout
of strenuous downbhill running in Z{p697-mKO mice and flox littermates (n = 10). Repeated measures two-way
ANOVA with Sidak's multiple comparisons test. (G) Gait analysis of Zfp697 mKO mice and floxed littermates
(flox, n = 5; mKO, n = 4) at baseline and following chemically induced muscle injury. Cardiotoxin was
intramuscularly injected in the gastrocnemius and tibialis anterior muscles of one leg (right) and control solution
in the same site of contralateral leg (left). Repeated measures two-way ANOVA. Data represent mean values and
error bars represent SEM.

At baseline, no differences were seen between genotypes in terms of body weight, muscle tissue
mass, exercise performance, or grip strength (fig. S8, C to F). Zfp697 mKO mice and floxed
littermate controls were then subjected to the unloading/reloading protocol. Each genotype was
divided into control (no unloading or reloading), 10 days unloading, and two additional groups that
were unloaded for 10 days followed by 1 or 3 days of reloading (Fig. 4B). In line with our previous
results, Zfp697 expression was elevated in muscles from floxed controls during reloading (Fig. 4C).
This regulation was completely blunted in Zfp697 mKO mice (Fig. 4C), further indicating that, in
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this context, that response comes mostly from the muscle fibers. Analysis of total body mass and
composition during the experimental protocol revealed that Zfp697 mKO mice lost total, lean, and
fat mass to a similar extend as floxed littermates, during the unloading phase (fig. S8G). In line
with this, changes in muscle mass during the unloading phase were generally comparable between
Zfp697 mKOs and floxed littermates except for the TA, that showed reduced wasting in Z{p697
mKO mice (Fig. 4D). Conversely, upon reloading Zfp697 mKOs showed reduced recovery of
muscle mass in both gastrocnemius and TA muscle, with no significant differences observed in the
soleus (Fig. 4E). In line with these observations, Zfp697 mKO mice had delayed recovery of lean
mass, as shown by a significant reduction in lean mass one day after reloading, compared to flox
littermates (fig. S8G). The deficit in recovery observed in Zfp697 mKO mice was further evidenced
by reduced extensor digitorum longus (EDL) and soleus absolute and specific force 3 days after
reloading, especially at higher stimulation frequencies, as evident by significant interaction
between genotype and stimulation frequency (fig. S8, H and I). Notably, there were no significant
differences in fatigability and recovery (fig. S8, H and I). To further evaluate the implications of
myofiber Zfp697 ablation in the functional recovery from muscle injury, we used two further injury
models. Firstly, we evaluated the kinetics of muscle force-production recovery after a single bout
of downhill running, commonly used approach to elicit exercise-induced muscle damage due to
the extensive use of eccentric contractions. Under these conditions, floxed control mice displayed
the expected decline in grip strength over the first 48h, followed by a swift recovery to normal
values (Fig. 4F). In sharp contrast, Zfp697 mKO did not recover any grip strength by the latest time
point analyzed (96h) (Fig. 4F). In addition, we performed intramuscular cardiotoxin (CTX)
injections, a myotoxic agent, and monitored functional decline and recovery using gait analysis
(Fig. 4G). This assessment revealed a more pronounced decline in various gait parameters in
Zfp697 mKO mice, including stride length, stance, and propulsion (Fig. 4G). Together, these data
from various models of muscle injury and recovery indicate that Zfp697 ablation in myofibers
compromises skeletal muscle regeneration and functional recovery.

Reloaded Zfp697 mKO muscle fails to activate a regenerative gene program

To complement the functional analysis of the unloading/reloading experiments we performed
RNA-seq of the gastrocnemius muscles of the different groups of Zfp697 mKO and controls. This
analysis was designed to account for the interaction effect between conditions (control, unloading
and reloading) and genotypes. When comparing Zfp697 mKOs and controls for changes in gene
expression upon unloading, we saw no differences between genotypes (Fig. 5, A and B and fig.
S9A; Data S7) but observed a profound effect on the regenerative response to reloading (Fig. 5, A
and C; Data S7). Among the differentially expressed genes, most increased in controls upon
reloading but failed to be induced in Zfp697 mKO muscle (Fig. 5B), with a smaller subset changing
in the opposite direction. These genes were associated with stress response, protein synthesis, [FNy,
and inflammatory responses (Fig. 5, C and D; Data S8), indicating failure of Zfp697 mKO muscle
to activate a regenerative response to injury. Muscle regeneration is a complex process that relies
on the coordinated action of multiple cell types, many of which are recruited and/or proliferate at
the regenerating site. To better understand how Zfp697 ablation in myofibers affected other
resident and recruited cell types during reloading-induced regeneration, we deconvoluted our
RNA-seq data using CIBERSORTx (32) and a previously published single-cell RNA-seq data
obtained from mouse regenerating muscle (23).
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Fig. 5. Zfp697 mKOs fail to activate gene expression necessary for regeneration. (A) Principal component
analysis for RNA-seq performed in the gastrocnemius muscle of control Zfp697 flox and mKO, after 10 days of
hindlimb unloading and 3 days of reloading (n = 3 per condition and genotype). (B) Heatmap of differentially
expressed genes for the interaction effect between conditions and genotypes. (C) Gene set enrichment analysis
for hallmark pathways accounting for the interaction effect between conditions (control, unloading and reloading)
and genotypes (mKO and flox). FDR, false discovery rate. (D) Heatmap of genes belonging to inflammatory and
interferon gamma response pathways. (E) Fraction of muscle-resident cell populations identified by digital
cytometry (CIBERSORTX) applied to bulk muscle RNA-seq data from control, hindlimb unloaded and reloaded
Zfp697 flox and mKO mice (n = 3 per condition and genotype). Two-way ANOVA with Sidak's multiple
comparisons test. *p<0.05 between indicated cell types. (F) Immunostaining for proliferating cells using KI67 in
gastrocnemius muscles of Zfp697 flox and mKO and respective quantification (n =4 per condition and genotype).
Two-way ANOVA with Fisher’s LSD. P values represent comparison with time-matched flox controls. Scale
bar =500 pm.

This analysis showed that after 3 days of reloading, the fraction of fibro-adipogenic precursors
(FAPs) and muscle stem cells (satellite cells, MuSCs) and progenitors expanded in control muscle,
but this response was blunted in Zfp697 mKOs (Fig. SE and fig. S9B). In line with these data, we
observed an increase in the number of proliferative KI67-positive cells in control muscles, which
was significantly reduced in Zfp697 mKOs (Fig. SE). Overall, these data indicate that Zfp697 mKO
mice failed to activate a regenerative transcriptional program in myofibers during the early stages
of recovery from hindlimb unloading, which affected not only the myofibers themselves but also
other resident and infiltrating cells.

Together, our data identify Zfp697 as an RNA binding protein (RBP) that preferentially binds
ncRNAs, in particular miRNAs, and controls muscle regeneration. In skeletal muscle, Z{p697 is
downstream of IFNy signaling, and is necessary for the activation of many of its target genes. Loss
of Zfp697 action results in compromised muscle regeneration, whereas sustained expression leads

12


https://doi.org/10.1101/2023.06.12.544338
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.12.544338; this version posted June 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Correia et al., 2023

to tissue inflammation and fibrosis. Collectively, these findings uncover Z{p697 as a promising
therapeutic candidate for diseases where unresolved tissue inflammation and ECM remodeling are
central disease components.

Discussion

Progressive loss of skeletal muscle mass and function is a major clinical feature of several
neuromuscular diseases, is commonly observed patients with chronic disease such as cancer and is
a major contributor to frailty and loss of independence during aging. To better understand the
molecular determinants of skeletal muscle atrophy and subsequent recovery, we used a mouse
model of hindlimb hypokinesia/hypodynamia (33) often used to assess the effects of, for example,
long-term bedrest and space flight on muscle mass and function. This protocol, commonly referred
to as hindlimb unloading/reloading, offers the advantage of monitoring phenotypic and molecular
changes during the progression of muscle atrophy and compensatory hypertrophy/regeneration
over time, using the same animals. Among prominent transcriptional regulators of myogenesis,
inflammation, and stress response (e.g. Myog, MyoD1, Atf3, RunX1), all of which are important
components for the regenerative response to damage, we identified Zfp697 as a previously
uncharacterized transcript which is elevated during the early stages of hindlimb reloading. We
further verified that mouse Zfp697 expression is transiently induced in multiple settings associated
with myofiber damage and remodeling, such as chemically-induced injury and intense physical
exercise. By analyzing a vast array of published transcriptomics data, we observed a similar
expression profile in human skeletal muscle. In line with its expression profile, Zfp697 expression
is enriched in a regenerative myonuclear population recently identified in dystrophic mouse muscle
(RegMyon) (34) and a yet uncharacterized Ampd3* (AMP deaminase 3) myonuclear population in
aged mouse muscle (fig. S3A), hypothesized to constitute dysfunctional denervated fibers (22). In
support of this notion, Zfp697 expression is highly induced in denervated mouse muscle (fig. S2J).
All these data position Zfp697 at the center of the regenerative response in several physiological
and pathophysiological contexts.

Muscle regeneration is a complex process that relies on the coordinated action of multiple resident
and infiltrating cells. In this context, inflammatory signals have emerged as important regenerative
signals, implicated not only in the regulation of immune cell behavior but also satellite cell
proliferation, myogenesis, FAP activation, ECM remodeling, and myofiber metabolic adaptions
(3, 35). Here, we show that activation of Zfp697 in the muscle fiber is upstream of that cascade of
events. Zfp697 activates a broad inflammatory gene program in cultured myotubes and intact
mouse muscle, including a large array of chemokines implicated in immune cell recruitment and
muscle regeneration (35-39). The transcriptional profile brought about by ectopic Z{p697
expression was particularly enriched for the IFNa and y pathways. Conversely, IFNa and y
response pathways were amongst the top pathways associated with genes dysregulated in Zf697
mKO mice upon hindlimb reloading. IFNy signaling is activated in the early stages of skeletal
muscle regeneration (which is further reinforced by our transcriptomics data on reloaded muscle)
and endogenous IFNY is necessary for efficient skeletal muscle regeneration (25, 40). Moreover,
the age-related decline in tissue macrophage responses to IFNy contributes to poor regenerative
capacity, by impairing satellite cell proliferation and differentiation (26). Strikingly, Zfp697
knockdown in myotubes reduced not only the basal expression of interferon stimulated genes, but
also strongly blunted the response to exogenous IFNy indicating that Zfp697 is an important
mediator of IFN signaling in skeletal muscle cells. Interestingly, genetic variants in the ZNF697
genomic locus have been associated with the response of multiple sclerosis patients to IFNf
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treatment (4/), indicating that the role of Zfp/ZNF697 in IFN signaling is conserved in humans and
in multiple cell types.

In line with the transient nature of Zfp697 activation in regenerating skeletal muscle, myofiber-
specific in vivo loss-of-Z{p697 function (Zfp697 mKO mice), has negligible effects on animals
kept under control conditions, or even when they are subjected to hindlimb unloading. Likewise,
the transcriptional profile of Zfp697 mKO at rest or following hindlimb unloading was virtually
indistinguishable from that of flox littermate controls. This is somewhat surprising (at least to this
extent) and does not recapitulate the strong effect of Zfp697 loss-of-function on the expression of
chemokines and interferon-stimulated genes in cultured myotubes. It is possible that the higher
expression of these transcripts in other cell types masks potential differences in gene expression in
myofibers. It is also possible that the effects of Zfp697 are potentiated in regenerating fibers, a
phenotype that may be better reflected by differentiated myotubes than by unchallenged mature
fibers. In sharp contrast, the regenerative response to damage is severely compromised in Zfp697
mKO mice. Using three different muscle injury-recovery paradigms (unloading/reloading,
downhill running, and cardiotoxin) and complementary methods to monitor recovery over time,
we were able to determine that myofiber Zfp697 is essential for skeletal muscle repair and
functional recovery. Following injury, Zfp697 mKO mice display deficient recovery of muscle
mass, myofiber contractile force, grip strength, and normal gait paremeters. At the molecular level,
this was accompanied by deficient activation of a regenerative gene program associated with
inflammation, ECM remodeling, angiogenesis, and cell proliferation. Furthermore, Zfp697 mKOs
show reduced satellite cell and fibro-adipogenic precursor activation upon hindlimb reloading, two
cellular processes that are essential for efficient muscle regeneration (4, 42, 43).

Whereas transient activation of a regenerative response conducive to immune cell recruitment and
ECM remodeling is critical for efficient repair and functional recovery, persistent activation of
these pathways can lead to morphologic and metabolic abnormalities, overt fiber damage, and
fibrosis. This is a hallmark of neuromuscular diseases, such as dermatomyositis and muscular
dystrophy, and a common feature of cancer cachexia, metabolic diseases, and aging (44, 45). We
found that the levels of Zfp697/ZNF697 are elevated in mouse and human muscle in disease
situations characterized by unresolved inflammation, and chronic tissue remodeling, such as
muscular dystrophy and cancer cachexia. This dichotomy between transient physiological
activation and chronic pathological elevation is not uncommon, nor is the challenge to discern
between a causative detrimental process and an attempt at rescue. In our study, ectopic Z{p697
expression in skeletal muscle over a period of 7 days led to increased collagen deposition and
heightened expression of markers of inflammation and ECM remodeling, suggesting that
chronically elevated Zfp697 may contribute to skeletal muscle dysfunction. As the pattern of
Zfp697 expression is not restricted to skeletal muscle, it remains to be established to what extent it
might contribute to the pathophysiology of different diseases.

ZFPs represent an abundant group of proteins, with diverse biological activities and mechanisms
of action. ZFPs can interact with DNA, RNA, and other proteins and have as diverse cellular
functions as regulation of transcription, DNA repair, signal transduction, protein degradation,
among other (/6). In skeletal muscle, ZFPs are known to regulate myoblast differentiation (i.e.
KLF5) (46)) and fusion (i.e. KLF2/4) (47), protein turnover and muscle mass (i.e. Murfl, LMCD1)
(48, 49), metabolism and exercise adaptation (i.e. YY1, KLF15) (50, 51), among many other
processes. Zfp697 contains eleven C2H2 zinc fingers, spanning most of the protein, which led us
to test if they could mediate DNA-binding. Although our data suggest that in muscle Zfp697 is not
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primarily a DNA-binding TF, we cannot preclude that it may have that or other activities in a cell-
type or context-specific manner. However, here we show that Zfp697 is a novel RBP that
preferentially binds miRNAs and distal intronic regions. Although the number of miRNA targets
we identified was not high compared to other known RBPs, suggestive of a more selective
protein:RNA interaction interface, Zfp697 scored very high in its specificity for miRNA binding,
even when compared with the Microprocessor complex components, DROSHA and DGCRS (52).
Of particular interest, the top hit of the Zfp697 miRNA list was miR-206, one of the myomiRs, a
set of conserved skeletal-muscle enriched miRNAs. Among these, miR-206 and miR-133b are
processed from the pre-miRNA Lincmdl (53). Notably, miR-206 has been previously shown to
promote skeletal muscle regeneration and to delay both features of pathology in mouse models of
Duchenne muscular dystrophy (DMD) and Amyotrophic Lateral Sclerosis (ALS) in mice (28, 29).
Concordant with the idea of physiologically transient vs pathologically chronic elevation in the
expression of regulators of tissue regeneration, miR-206 has been found to be increased in
circulation in ALS, muscular dystrophies, and Alzheimer’s disease patients (among others), and
even suggested as a disease progression biomarker (54). Of note, our eCLIP data also indicate an
enrichment in repetitive sequences present in Zfp697-interacting RNAs (fig. S5B). Although
commonly filtered out during analysis due to the inability of mapping these sequences to unique
identifiers, they often represent retrotransposable elements (55). When actively expressed (e.g.
during cellular stress) the resulting dsSRNAs are potent activators of interferon responses (56) and
have been implicated in limb regeneration (57), autoimmunity (58), and immune cell infiltration in
tumors (59).

Our study identifies Zfp697 as a novel RBP with a prominent role is skeletal muscle inflammation
and regeneration. It is important to note that Zfp697 is not skeletal-muscle specific and that the
molecular and cellular processes that it regulates and important in multiple tissues and in various
physiological and pathophysiological contexts. Indeed, a search of publicly available gene
expression datasets, indicates that Zfp697 expression is dysregulated in situations of unresolved
inflammation and fibrosis, such as kidney and heart disease (fig. S7). The biological activities,
expression patterns, signal transduction and mechanisms of action we describe here, indicate that
Zfp697 can operate in diverse cell types and may be a valuable therapeutic target to improve tissue
regeneration and modulate tissue inflammation.
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