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FK506 bypasses the effect of erythroferrone in
cancer cachexia skeletal muscle atrophy
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In brief

Mina et al. explore the effects of FK506
treatment in skeletal muscle atrophy
during cancer cachexia. This condition is
characterized by reduced BMP signaling,
leading to increased protein degradation
and, therefore, muscle atrophy. FK506 re-
activates this pathway rescuing protein
synthesis, muscle force, and
neuromuscular junction perturbations in
cachexia.
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SUMMARY

Skeletal muscle atrophy is a hallmark of cachexia, a wasting condition typical of chronic pathologies, that still
represents an unmet medical need. Bone morphogenetic protein (BMP)-Smad1/5/8 signaling alterations are
emerging drivers of muscle catabolism, hence, characterizing these perturbations is pivotal to develop ther-
apeutic approaches. We identified two promoters of “BMP resistance” in cancer cachexia, specifically the
BMP scavenger erythroferrone (ERFE) and the intracellular inhibitor FKBP12. ERFE is upregulated in
cachectic cancer patients’ muscle biopsies and in murine cachexia models, where its expression is driven
by STAT3. Moreover, the knock down of Erfe or Fkbp12 reduces muscle wasting in cachectic mice. To
bypass the BMP resistance mediated by ERFE and release the brake on the signaling, we targeted
FKBP12 with low-dose FK506. FK506 restores BMP-Smad1/5/8 signaling, rescuing myotube atrophy by
inducing protein synthesis. In cachectic tumor-bearing mice, FK506 prevents muscle and body weight
loss and protects from neuromuscular junction alteration, suggesting therapeutic potential for targeting
the ERFE-FKBP12 axis.

INTRODUCTION prolongs survival in cachectic tumor-bearing mice, independent

of tumor growth, fat loss, and inflammation.®

Cachexia is a progressive debilitating syndrome that can be
associated with several systemic pathologies, such as cancer
and sepsis, and it is characterized by severe wasting of skeletal
muscle and adipose tissue.' Cancer cachexia is correlated with
a worse prognosis and therapy responses, accounting for at
least 30% of deaths in advanced cancer patients. Despite the
high prevalence of this disease, the poor molecular understand-
ing of the pathology makes cachexia still an unmet medical
need.? The relevance of targeting skeletal muscle atrophy is sup-
ported by the fact that not only it is a predictor of poor clinical
outcomes® and reduction of quality of life,* but its prevention

Gheck for
Updates

Skeletal muscle atrophy is the result of unbalanced protein
and organelles catabolism, coupled with reduced anabolic pro-
cesses and metabolic rewiring. Indeed, mitochondrial dysfunc-
tion, zinc overload and iron deficiency have been associated
with body weight loss in cachexia,®® with mitochondrial alter-
ations preceding the onset of weight loss.”'°

From a molecular standpoint, muscle mass maintenance is
regulated by different signaling pathways that tune protein synthe-
sis and degradation, notably the transforming growth factor B
(TGFB) receptor superfamily,'~'* ubiquitin-proteasome axis,'®'®
calcium-dependent proteolysis,'® and autophagy cascades.””
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Ligands as activins, myostatin, or TGFB, preferentially bind ac-
tivin receptors (ActRIIB, ActRIIA, TGFBRII, and ALK-4, ALK-7,
and ALK-5) triggering Smad2/3 phosphorylation and inducing
muscle atrophy and cachexia.”'*°

On the other hand, bone morphogenetic proteins (BMPs) are
positive regulators of muscle mass, that by binding BMP recep-
tors (BMPRII, ActRIIB, ActRIIA, and ALK1, ALK2, ALK3, and
ALK®), activate biosynthetic pathways through Smadi1/5/8
phosphorylation,'®'® and inhibit proteolysis by downregulating
the expression of atrophy-associated E3 ubiquitin ligases
(“atrogenes”).’’~"®

Moreover, BMP-Smad1/5/8 axis has also been shown to
regulate neuromuscular junction (NMJ) formation and remodel-
ing in models of Drosophila,?®?” and Noggin-mediated BMP in-
hibition induces skeletal muscle fibers denervation in cancer
cachexia.'”

BMP signaling is a complex network that can be regulated at
different levels. Since we previously reported that iron meta-
bolism is dysregulated in cachexia,” we explored the impact
on skeletal muscle of different BMP inhibitors involved in the
iron field. For instance, erythroferrone (ERFE) is an erythroid
regulator of iron metabolism secreted in the circulation mainly
by erythroid precursors?® that scavenges BMP6 homodimers?®®
and BMP6-BMP2 heterodimers®® downregulating Smad1/5/8
phosphorylation in the liver.*®*" Interestingly, ERFE was found
to be also expressed in the skeletal muscle (hamed as myonec-
tin®?), but besides its extensively studied effects on the liver, its
role on BMP signaling in the skeletal muscle has not been
elucidated.

A further layer of BMP-Smad pathway regulation in the liver is
represented by FKBP12 (FK506 binding protein 12),%*** animmu-
nophilin that limits and prevents the uncontrolled activation of
BMP signaling,®® by binding the cytoplasmic domain of type |
BMPR (BMPR-).*°

Given that BMP-Smad1/5/8 axis counteracts the catabolic
TGFB-Smad2/3 pathway in the skeletal muscle, we evaluated
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the role of ERFE and FKBP12 in regulating muscle mass in
wasting conditions.

In our study, we demonstrated that the main inflammatory
pathway associated to cachexia (IL-6-STAT3 axis) upregu-
lates the BMP signaling inhibitor Erfe in atrophic skeletal
muscles, leading to a condition of BMP resistance that can
contribute to the catabolic effects of the hyper-active acti-
vin/TGFB-Smad2/3 signaling.

Furthermore, we propose a therapeutic approach to bypass
ERFE-mediated BMP resistance by displacing the inhibitor
FKBP12 from the BMPR-I with FK506 (tacrolimus), in models
of cancer cachexia in vitro and in vivo.

RESULTS

The BMP scavenger ERFE is upregulated in cachexia
through STATS3 activation
BMP inhibitors such as Noggin'“ and myostatin®' are upregu-
lated both in mouse and human cancer cachexia.'**' The
BMP-Smad1/5/8 axis in the liver is downregulated by scaven-
gers like ERFE, an erythroid regulator of iron metabolism?®
that, once secreted in the circulation, chelates BMP ligands. %"
However, whether this regulator plays a role not only in the liver'*
but also in muscle wasting and cancer cachexia is not known.
Mice carrying colon-26 (C26) adenocarcinoma developed se-
vere cancer cachexia within 11 days and in their atrophic mus-
cles phosphorylated Smad1/5/8 were downregulated as previ-
ously described' (Figures 1A-1C and S1A). Intriguingly, we
found that C26 tumor-bearing mice upregulated the BMP scav-
enger Erfe as mRNA levels (Figure 1D) in their atrophic skeletal
muscles, and as protein levels in the serum (Figure 1E). While
the reduction of the BMP-Smadi1/5/8 axis is in line with
increased levels of Erfe, we do not observe a decreased expres-
sion of BMP ligands, such as BMP2, BMP4, and BMPG, in the
skeletal muscle of C26 tumor-bearing mice (Figure S1B).

Figure 1. The BMP scavenger ERFE is upregulated in cachexia through STAT3 activation

A) Schematic representation of the C26 cancer cachexia model where mice injected with C26 cells develop severe cachexia within 11 days.

B) Immunoblot of phosphorylated Smad1/5/8 (pSmad1/5/8) and vinculin in the quadriceps of control and C26 tumor-bearing mice (n = 5/6).

C) Densiometric quantification of the immunoblot of pSmad1/5/8 and Smad1 in the quadriceps of control and C26 tumor-bearing mice (n = 5/6).

n = 4/5). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

E) ERFE protein concentration detected by ELISA in the serum of C26 and control mice (n = 4).

¢
(
(
(D) mRNA levels of ERFE relative to GAPDH in the gastrocnemii of C26 tumor-bearing mice and relative control mice 11 days post cancer cells inoculation
(t
(
(

F) Expression levels of ERFE relative to beta-actin in human skeletal muscle biopsies from pre-cachectic and cachectic colorectal and pancreatic cancer
patients compared to control individuals (control, n = 41; pre-cachectic, n = 77; cachectic, n = 63). Values are reported as fold change over control group (control

vs. pre-cachexia q value = 0.0021; control vs. cachexia g value = 0.0007).

(G) Expression levels of Erfe in C2C12 myotubes treated for 48h with 20% C26 CM (n = 6) and representative immunofluorescence of atrophic C2C12 myotubes

treated with C26 CM and stained for myoglobin.

(H) Experimental design of the ChIP-qPCR assay performed on C2C12 myotubes treated with C26 CM or atrophic skeletal muscles of C26 tumor-bearing mice at

day 11.
(I) STAT3 predicted binding sites on Erfe promoter.

(J) ChIP-gPCR of pSTATS3 binding Erfe promoter on TSS (+629/+639 bp) in C2C12 myotubes treated with C26 CM compared with control cells (n = 2).
(K) In vivo ChIP-gPCR of pSTAT3 binding Erfe promoter on TSS (+629/+639 bp). ChIP-qPCR assay was performed by pooling 4 quadriceps per condition for

control or C26 tumor-bearing mice (n = 2).

(L) Expression levels of Erfe on C2C12 myotubes treated with Stattic 5 uM and/or 50% C26 CM for 6 h (n = 3).

(M) Luminescence (firefly/renilla) of NIH/3T3 transfected with Erfe promoter-Luc reporter vector and knocked down for STAT3 (siSTAT3). Cells were treated
overnight with 50% C26 CM prior to performing the assay (n = 2). See also Figures S1 and S2. Data information: Statistical significance was tested with unpaired
two-tailed Student’s t-test in (C)—-(E) and (G); with non-parametric Krustal-Wallis test followed by Benjamini, Krieger, and Yekutieli multiple comparison tests in
(F) and with two-way ANOVA followed by Sidak’s multiple comparison test in (J) and (K) and with one-way ANOVA followed by Sidak’s multiple comparison test in
(L) and (M).
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We then analyzed the expression levels of ERFE in human
samples from oncology patients. We found that ERFE expres-
sion is significantly higher in skeletal muscle biopsies from pre-
cachectic (body-weight loss in 6 months, or <2% in patients
with low muscle mass, or a body mass index [BMI] of <20) and
cachectic (body-weight loss in 6 months, or >2% in patients
with low muscle mass, or a BMI of <20) patients with colorectal
or pancreatic cancer, than in cancer-free controls (Figures 1F,
S1C, and S1D). In agreement, atrophic myotubes obtained by
treating C2C12 with C26 conditioned medium (CM), displayed
significant higher transcripts levels of the BMP inhibitor Erfe
(Figures 1G and S1E).

To explore potential targets for BMP-signaling restoration, we
analyzed in our models the expression levels of the immunophilin
FKBP12 as it docks BMPR-I to limit their downstream signaling in
the absence of ligands.***®* The mRNA levels of the intracellular
inhibitor Fkbp 12 were significantly upregulated in atrophic skel-
etal muscles of C26 tumor-bearing mice (Figure S1F), accompa-
nied by a trend in increased protein levels (Figure S1G) and tran-
script in C2C12-derived atrophic myotubes (Figure STH).

Subsequently, we explored which molecular mechanism
could trigger the transcriptional up-regulation of the BMP inhib-
itors Erfe and Fkbp12 in cachexia by performing chromatin
immunoprecipitation (ChIP-qPCR) assay on atrophic C2C12
myotubes treated with C26 CM and on cachectic skeletal mus-
cles of C26 tumor-bearing mice (Figure 1H). JASPAR TEFBS
enrichment analysis®” of Erfe and Fkbp12 promoter sequences
(+1,000 bp from the transcription start site [TSS]), showed puta-
tive top-ranked predicted binding sites of STAT3 downstream
Erfe TSS (+629/+639 bp) and upstream Fkbp12 TSS (—491/-
481) (Figures 11 and S1l). Indeed, the IL-6-STAT3 axis is a well-
known trigger of muscle wasting in tumor-bearing mice.**™*"' In
agreement, in C2C12 myotubes, C26 CM, as well as IL-6,
strongly induced phosphorylation of STAT3 at Tyr705 (pSTAT3)
(Figures S1J and S1K).

We, therefore, evaluated whether pSTAT3 could be involved in
Erfe upregulation and Fkbp12 expression in cachexia. We found
that pSTAT3 significantly bound Erfe promoter in atrophic
C2C12 myotubes treated with C26 CM (Figures 1J and S1L).

¢ CellP’ress

OPEN ACCESS

Furthermore, this promoter region was proven to be transcrip-
tionally active because it carried the histone modification-
H3K27ac, a known marker for chromatin accessibility*” (Fig-
ure S2A). In a similar way, pSTAT3 strongly bound Erfe promoter
in atrophic muscles (Figures 1K, S1M, and S2B), indicating that
activated STAT3 can be responsible for the upregulation of the
BMP scavenger Erfe in cachexia.

Our ChIP-gPCR demonstrated that pSTAT3 can also bind the
active Fkbp12 promoter in atrophic myotubes (Figures S2C and
S2D) and in cachectic C26 muscles (Figures S2E and S2F), sug-
gesting that activated STATS3 is potentially involved in the regu-
lation of BMP-signaling inhibitors.

Since ChIP-gPCR assays only provide information on the
binding of transcription factors to specific sequences, we evalu-
ated whether STATS3 is required for Erfe upregulation. By treating
atrophic C2C12 myotubes with Stattic, an inhibitor of STAT3
phosphorylation and nuclear translocation,*® we blunted the up-
regulation of Erfe mediated by C26 CM (Figures 1L and S2G).
Moreover, to evaluate transcriptional activation of the target
gene, we generated a luciferase reporter under the control of
the murine Erfe promoter.

As expected, treatment with C26 CM or IL-6, which strongly
induce pSTATS, significantly triggers luciferase signal in trans-
fected cells (Figure S2H). Consistently, the increase of luciferase
signal induced by C26 CM is blunted when cells are knocked
down for STAT3 (Figures 1M and S2I), further proving the crucial
role of STATS in driving Erfe upregulation.

These results indicate that pSTAT3 not only binds Erfe pro-
moter in cachexia, but its activation is also required for Erfe
upregulation.

Muscle-specific knockdown of BMP inhibitors curbs
muscle wasting in C26 tumor-bearing mice

To understand the biological role of the BMP-signaling inhibitors
ERFE and FKBP12 in cachexia (Figure 2A), we treated C2C12-
derived myotubes with recombinant ERFE, using the trun-
cated-inactive form (QERFE) as a negative control. ERFE was
sufficient to induce atrophy in vitro (Figures 2B and S3A), while
gERFE did not, thus suggesting that the functional N-terminal

Figure 2. Muscle-specific knockdown of BMP inhibitors curbs muscle wasting in C26 tumor-bearing mice
(A) Schematic representation of the pathway. The BMP scavenger ERFE is upregulated in cachexia and with the intracellular inhibitor FKBP12 contributes to the

downregulation of pSmad1/5/8 in atrophic muscles.

(B) Quantification of myotubes diameters after 24 h treatment with recombinant Fc-ERFE (1 pg/mL), inactive globular Fc-gERFE (1 ng/mL), and the relative

Fc-CTR (1 pg/mL) (n = 3/4).

(C) Myotubes diameters transfected with siRNA for Fkbp12 or scramble sequence (siCtr) for 48 h and treated for 24 h with 10% C26 CM (n = 3/4).

(D) Expression levels in C2C12 myotubes knocked-down for FKBP12 with siRNA (n = 4/6).

(E) Experimental design of muscle-specific AAV9 delivery in the skeletal muscle of C26 tumor-bearing mice. AAV9-shRNA (10"" vp) viral particles were injected in
the skeletal muscles of BALB/c mice, using the contralateral limb as control (AAV9-shScr). One month after AAV injection, BALB/c mice were subcutaneously
inoculated with 750,000 C26 cancer cells. The mice were euthanized 11 days after C26 injection.

(F) mRNA levels of ERFE in the quadriceps of AAV9-shERFE-injected mice vs. the contralateral AAV9-shScr limb (n = 7).

G) Quadriceps weight normalized for tibial length compared with the contralateral limb (n = 7).

(
(H) Atrogin1 expression in the quadriceps analyzed in Figures 2F and 2G (n = 7).
(

1) CSA distribution of AAV9-shERFE-injected mice (n = 3).

(J) mRNA levels of FKBP12 in the quadriceps of AAV9-shFKBP12-injected mice vs. the contralateral AAV9-shScramble limb (n = 7).
K) Quadriceps weight normalized for tibial length compared with the contralateral limb (n = 7).

(
(L) Atrogin1 expression in the quadriceps analyzed in Figures 2J and 2K.
(

M) CSA distribution of AAV9-shFKBP12-injected mice (n = 3). See also Figure S3. Data information: Statistical significance was tested with unpaired two-tailed
Student’s t-test in (D); with one-way ANOVA followed by Sidak’s multiple comparison test in (B) and (C). One-sample t-test was performed in (F)—(H) and (J)-(L),
while two-way ANOVA followed by Sidak’s multiple comparison test in (I) and (M).
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domain, known to downregulate the BMP-Smad signaling in the
liver,** is biologically active in the skeletal muscle.

While the supplementation of the extracellular inhibitor ERFE
induced myotube atrophy, the downregulation of the intracellular
inhibitor Fkbp12 by small interfering RNA (siRNA) was sufficient
to rescue C26 CM-induced myotube atrophy (Figures 2C, 2D,
and S3B).

We next explored in vivo whether ERFE or FKBP12 downregu-
lation was sufficient to protect from muscle wasting in cachectic
C26 tumor-bearing mice. We delivered adeno-associated viral
particles with muscle tropism (AAV9) carrying short hairpin
RNA (shRNA) targeting either Erfe (AAV9-shErfe) or Fkbp12
(AAV9-shFkbp12) in one hindlimb of BALB/c mice and control
viral particles (AAV9-shScramble carrying a scrambled
sequence) in the contralateral limb. After inducing cachexia by
injecting C26 cancer cells (Figure 2E), we found that Erfe knock-
down (Figure 2F) in the quadricep was sufficient to reduce the
weight loss detected in their contralateral muscle (Figure 2G)
and this was accompanied by decreased Atrogin1 expression,
a marker of the atrophic process (Figure 2H). These muscles
also presented increased cross-sectional area (CSA) (Figure 2l),
indicating that ERFE downregulation in the muscle is sufficient to
curb the wasting process.

Following the same approach, we evaluated whether muscle-
specific FKBP12 knockdown had a similar effect of AAV9-shErfe
on muscle atrophy in C26-tumor bearing mice. Fkbp12 downre-
gulation (Figure 2J) potently increased quadriceps weight and
significantly mitigated Atrogin1 levels in C26 tumor-bearing
mice (Figures 2K and 2L), as well as displayed higher number
of bigger fibers (Figure 2M) with respect to their contralateral
limbs. Therefore, these results encouraged us to test whether
FKBP12 can represent a valuable therapeutic target, restoring
BMP signaling and counteracting cachexia.

FK506 bypasses BMP-pathway inhibition by activating
pSmad1/5/8 through FKBP12 binding

Since Fkbp12 knockdown protected from C26 cancer cells-
induced muscle atrophy (Figures 2C and 2J-2M) and that BMP
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signaling is decreased in cancer-related skeletal muscle atro-
phy'* (Figure 1B), we decided to bypass the inhibition of the
BMP signaling using a pharmacological approach (Figure 3A).
FK506 is a drug clinically used as an immunosuppressant that
complexes with FKBP12 to inhibit calcineurin, thereby suppress-
ing T cell proliferation.*>*® Nevertheless, a non-immunosup-
pressive low dose of FK506 increased BMP-Smadi1/5/8
signaling in hepatocytes®* and in mouse models of chronic kid-
ney, cardiac, and liver disease."’

Therefore, we treated C2C12 myotubes with FK506 to assess
its effect on atrophic stimuli. FK506 treatment induced signifi-
cant hypertrophy in myotubes and completely prevented the at-
rophy induced by C26 CM (Figure 3B) and recombinant ERFE
(Figures 3C and S4A). Moreover, FK506 rescued the atrophy
induced by activin A (ACTA) (Figure S4B), a TGF receptor ligand
that drives skeletal muscle atrophy in cachexia.”®

Next, we investigated whether the effect of FK506 on myotubes
was due to its well-known activity on calcineurin activation. To this
aim, we used cyclosporine A, another immunosuppressant drug
that inhibits calcineurin in an FKBP12-independent manner.*®
C2C12 myotubes treated with cyclosporine A (CyA) undergo atro-
phy (Figure S4C), suggesting that the effect of FK506 on myo-
tubes was independent of calcineurin inhibition.

In line with the increased myotube size in FK506-treated
C2C12, FK506 alone strongly induced phosphorylation of
Smad1/5 (Figure 3D) and synergized with murine BMP6
(Figures 3E and S4D). By performing BMP-responsive element
luciferase reporter assay (BRE-Luc) in C2C12, we confirmed
that, in cells treated with FK506, the luciferase signal was signifi-
cantly higher than in controls (Figure 3F). This transcriptional upre-
gulation was synergic with concomitant administration of BMP6,
in line with increased pSmad1/5 (Figure 3E). These results demon-
strated that the increased levels of pSmad1/5 were functionally
active to target gene expression.

As FKBP12 blocks uncontrolled activation of the BMP
pathway by binding BMPR-1,?*° we investigated which recep-
tor accounted for BMP activation followed by FK506 treatment.
We knocked- down with siRNA in C2C12 myotubes either ALK2

Figure 3. FK506 bypasses BMP pathway inhibition by activating pSmad1/5/8 through FKBP12 binding
(A) Representation of the proposed approach to bypass the "BMP resistance." FK506 binds FKBP12 displacing it from the BMPR-I and restoring pSmad1/5/8

signaling.

(B and C) Diameters quantification of C2C12 myotubes treated for 24 h with FK506 (1 ng/mL) and/or 10% C26 CM (B) (n = 5) or treated with recombinant Fc-ERFE

(1 pg/mL) and FK506 in Fc-CTR (1 ng/mL) (C) (n = 4).

(D) Immunoblot of C2C12 myotubes serum starved for 2 h and treated with FK506 (1 pg/mL) for 1 h (n = 4).
(E) Dose-response and immunoblot of pSmad1/5/8 in C2C12 myotubes serum starved for 2 h and treated with increasing doses of murine BMP6 (from 0.01 to

3 ng/mL) with or without FK506 (1 pg/mL) for 1 h (n = 4).

(F) Luminescence signal detected in C2C12 transfected with pGL3-BMP responsive element (BRE)-Luciferase and TK-Renilla for 24 h, switched to low-serum
DMEM 2% fetal bovine serum for 4 h and treated with FK506 (10 ng/mL) and BMP6 (30 ng/mL) for 5 h (n = 6).
(G) Immunoblot of pSmad1/5 and Smad1 of C2C12 myotubes knocked-down for ALK2 or ALK3 (siAlk2 or siAlk3) for 48 h and treated with FK506 (1 pg/mL) for 1 h

upon 2 h of serum starvation (n = 2).

(H) mRNA levels of ALK2 and ALK3 in C2C12 myotubes knocked-down for ALK2 or ALK3 with siRNA (n = 2/3).

(
(n = 3/4).

I) Diameters of C2C12 myotubes treated with DMH1 (500 nM) in combination with FK506 (1 pg/mL) and/or 10% C26 CM for 24 h in differentiation medium

(J and K) In vitro SUNSET assay and relative quantifications performed with C2C12 myotubes treated with FK506 (1 pg/mL), 10% C26 CM (J) (n = 4) or Fc-CTR

(1 ng/mL), Fc-ERFE (1 pg/mL), and inactive globular gERFE (1 pg/mL).
(
(
(

K) (n = 3) For 24 h in differentiation medium. For the last 4 h of treatment, puromycin (1 tM) was added to the cells.
L) Myotubes diameters imaged at 24 h post FK506 (1 pg/mL) and/or Torin1 (100 uM) treatment (n = 3).
M and N) mRNA levels of Atrogin1 (M) (n = 3/5) and MuRF1 (N) (n = 3) in C2C12 myotubes treated for 48 h with FK506 (1 pg/mL) and/or 20% C26 CM. See also

Figure S4. Data information: All graphs’ statistical significance was tested with one-way ANOVA followed by Sidak’s multiple comparison test.
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or ALKS, two BMPR-I family members expressed in skeletal
muscle, and only ALK2 downregulation reduced pSmad1/5 trig-
gered by FK506 (Figures 3G and 3H). The relevance of ALK2 is
furthermore proven when C2C12 myotubes were treated with
dorsomorphin homolog 1 (DMH1), a BMPR-I inhibitor that pri-
marily inhibits ALK2.%" The inhibition of pSmad1/5 (Figure S4E)
by DMH1 supplementation was sufficient to hinder the rescue
of C26 CM-induced atrophy by FK506 (Figure 3l).

FK506 could activate the BMP-Smad axis by binding and
displacing the intracellular inhibitor FKBP12 from BMPR-I family
members.®>**? To assess whether FKBP12 could interact
with ALK2 or ALK3, we co-transfected HuH7 and 293T cells
with MYC-tagged ALK2 or MYC-tagged ALK3 constructs with
FLAG-tagged FKBP12 (Figures S4F and S4G).

In HuH7 cells, the interaction of FKBP12-FLAG is limited to
ALK2 (Figure S3F)*%; however, FKBP12-FLAG overexpression
in 293T cells shows a minimal binding of FKBP12 to ALKS (Fig-
ure S4G). In both cases, FK506 displaced FKBP12 from any
BMPR-I analyzed (Figures S4F and S4G).

As the activation of the BMP-Smad1/5/8 axis has been asso-
ciated to increased protein synthesis,'>°® we performed a
SuNSET assay to measure protein synthesis in our in vitro model
of myotube atrophy. As expected, C2C12 treated C26 CM
(Figures 3J and S4l), recombinant ERFE (Figures 3K and S4J),
or ACTA (Figures S4H and S4K) and co-treated with FK506
showed significant higher levels of newly synthetized proteins
(Figures 3J, 3K, and S4H-S4K), in line with C2C12 myotubes di-
ameters (Figures 3B, 3C, and S4B).

Moreover, mammalian target of rapamycin (mTOR) inhibition
by Torin 1 abolished the hypertrophy induced by FK506 (Fig-
ure 3L), demonstrating that the increase in myotube size is due
to increased protein synthesis and it is mediated by mTOR. In
line with these findings, we found that the atrophic markers Atro-
gin1 and MuRF1 were decreased in C26 CM-treated myotubes
supplemented with FK506 (Figures 3M and 3N).

Overall, these results demonstrated that, in vitro, FK506 res-
cues myotube atrophy by inducing FKBP12 displacement from
ALK2, increasing Smad1/5/8 signaling, ultimately leading to
increased protein synthesis and decreased atrogenes levels.

FK506 effect on the immune system in vivo

Toaddress the effect of FK506 in anin vivo cancer cachexia model,
BALB/c mice were injected with C26 adenocarcinoma cells, and
treated daily for 11 days (Figure 4A) with an oral low dose of
FK506 (0.02 mg/kg) known to be non-immunosuppressive.*” First,
we verified whether the chosen dose of FK506 was altering the im-
mune landscape and consequently the tumor size: after 11 days of
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treatment, tumor (Figure 4B) and spleen weights (Figure S5A) were
unchanged, indicating that our treatment with FK506 does not
exert an antitumoral or an anti-inflammatory effect.>*

In addition, we performed an analysis of immune cell popula-
tions in tumors, blood, and spleens of treated and control mice.
No significant differences were found, as the amount of the main
lymphoid and myeloid populations, such as natural killer, natural
killer T, CD4* and CD8"* T cells, dendritic cells, macrophages,
monocytic myeloid-derived suppressor cells (m-MDSC) and gran-
ulocyte-like MDSC (g-MDSC), was similar in the tumors from con-
trol and FK506-treated mice (Figures 4C and 4D). Moreover,
FK506 treatment did not alter the expression of programmed cell
death 1 (PD-1)on T lymphocytes (Figure 4E) or that of programmed
cell death ligand 1 (PD-L1) on myeloid cells (Figure 4F). As ex-
pected, tumor-bearing mice showed significant decrease in blood
and splenic CD4* and CD8* T cells (Figures 4G and S5B),
increased splenic macrophages (Figure S5C), as well as increased
g-MDSC/neutrophils populations in the blood (Figure 4H), inde-
pendent of treatment with FK506. Furthermore, C26 tumor-
bearing mice displayed a significant decrease of PD-L1-positive
macrophages and g-MDSC in the blood (Figure 4l), and an in-
crease of PD-1-expressing CD4" and CD8* T cells and of PD-
L1* m-MDSC in the spleen (Figures S5D and S5E), again regard-
less of FK506 administration.

Despite FK506 decreased PD-1-expressing CD4* and CD8*
T cells in the blood of control mice, these alterations were not
observed in C26 tumor-bearing mice (Figure 4J), suggesting
that FK506 does not affect tumor immune escape. Nonetheless,
we sought to further exclude whether chronic low-dose FK506
treatment could disturb adaptive immune responses in tumor-
free mice. We thus vaccinated with a non-self antigen (RhuT vac-
cine)°® to induce a strong immune response. All mice were treated
for 5 weeks with daily oral gavage of low-dose FK506 or vehicle
until the end of the experiment (Figure S5F). To test if FK506
affected specific lymphocyte functions and activities, we evalu-
ated whether long-term FK506 treatment modified antibody pro-
duction or immune cell cytotoxic capacity. After 5 weeks of treat-
ment, antibody titers against the antigen (Figure S5G), as well as
activation of CD8" T cells (Figure S5H) were not different in either
FK506-treated or -untreated vaccinated mice. In agreement, this
long chronic treatment with FK506 did not significantly alter the
amount of blood lymphoid populations and the expression of
the activation marker PD-1 (Figure S5I and S5J).

These findings indicated that prolonged low-dose FK506
treatment does not significantly alter the amount and function
of immune cells in a tumor-free mouse model, corroborating
that low-dose FK506 does not impact adaptive immunity.

Figure 4. FK506 effect on the immune system in vivo

(A) Experimental design of the in vivo C26 cancer cachexia model orally treated with low-dose FK506 (0.02 mg/kg) or vehicle for 11 days. When euthanized,

tumors, blood, spleens, and skeletal muscles were analyzed.

(B) Tumor weight of FK506-treated and vehicle-treated C26 tumor-bearing mice 11 days post-C26 injection (n = 16).

(C and D) Percentages of lymphoid (C) and myeloid (D) populations on live cells (CD45*) in the tumors of FK506 or vehicle-treated C26 tumor-bearing mice (n = 6).
(E and F) Percentage of PD-1-expressing lymphocytes (E) and PD-L1+ myeloid cells (F) in C26 tumors of FK506 and vehicle-treated mice (n = 6).

(G and H) Amount of blood lymphoid (G) and myeloid (H) populations in FK506 and vehicle-treated tumor and non-tumor-bearing mice at day 11 post-C26

injection (n = 4/6).

(land J) Percentage of PD-L1+ myeloid cells () and PD-1+ lymphocytes (J) in the blood of the experimental groups 11 days post-C26 inoculation (n = 4/6) See also
Figure S5. Data information: Statistical significance was tested with unpaired two-tailed Student’s t-test in (B) and with two-way ANOVA followed by Sidak’s

multiple comparison test in (C)—(J); ns, not significant.
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(A) Body weight change as percentage of initial body weight in the experimental groups at day 11 (n = 10/12).
(B) Fat weight normalized for the tibial length as percentage of non-tumor-bearing vehicle-treated mice at day 11 (n = 6/7).
(C and D) Gastrocnemii (C) and quadriceps (D) weights normalized for tibial length as percentage of the control group 11 days post-C26 inoculation (n = 15/16 for

gastrocnemii and n = 11/12 for quadriceps).

(E) Expression levels of the atrogenes Atrogin1 and MuRF1 in the gastrocnemii of the experimental groups at day 11 (n = 4/6).
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FK506 protects from cachexia in C26 tumor-bearing
mice

Since low-dose FK506 was found not to be immunosuppressive,
we analyzed the effects of FK506 in cachexia. FK506-treated
C26 tumor-bearing mice appeared healthier and less distressed
than the untreated group (Video S1), as seen by the preservation
of body weight (Figure 5A) and fat tissue weight (Figure 5B) at
the endpoint of the experiment. Furthermore, the acute and severe
skeletal muscle atrophy induced by C26 tumors was reverted upon
FK506 treatment, as indicated by the increased muscle weights
(Figures 5C and 5D) and by the lower levels of atrogenes expres-
sion (Figures 5E, S6A, and S6B). In agreement with increased mus-
cle weights, fibers CSA in the treated group were significantly
higher than in controls (Figures 5F and 5G). Since the tumor weight
in FK506-treated and vehicle-treated mice was unchanged (Fig-
ure 4B), protection against muscle wasting was not due to
decreased tumor growth.

To assess whether the beneficial effect of FK506 was due also to
increased protein synthesis, we performed the in vivo SUNSET
assay. As shownin Figure 5H, the reduced amount of newly synthe-
tized proteins in atrophic muscles from tumor-bearing mice was
fully rescued in FK506-treated samples (Figures 5H and S6C), in
further support to rescued CSA fiber size (Figure 5F). Overall, these
findings demonstrate that a low dose of FK506 prevents skeletal
muscle wasting and cancer cachexia in vivo (Figures 5 and S6).

FK506 prevents the degeneration of NMJs morphology
and preserves muscle strength

An important component of cachexia-induced skeletal muscle
atrophy is the degeneration of the neuromuscular compart-
ment.'* Indeed, together with skeletal muscle atrophy, the
decrease in muscle force in C26 tumor-bearing mice is pre-
vented by FK506 treatment (Figure 6A).

In agreement with the decreased muscle strength, cachectic
mice showed smaller NMJs with a collapsed morphology
(Figures 6B and 6C) and downregulation of the adult nicotinic
acetylcholine receptor subunit Chrne mRNA (Figure 6D). In
contrast, FK506 treatment rescued NMJs volume, morphology,
and Chrne expression levels (Figures 6B-6D).

Considering the pre-synaptic compartment of the NMJs, we
evaluated the denervation status in our C26 model, where we
only found a trend in denervated NMJs (Figure S6D). However,
molecular alterations (i.e., Chrne downregulation), and the
reduction in NMJs volume, suggest an ongoing remodeling,
but partially occurring, degenerative process, largely attributed
to the rapid kinetics of the C26 cell suspension cachexia model.

DISCUSSION
Patients with cancer and chronic inflammatory diseases

commonly develop cachexia, a multiorgan condition character-
ized by body weight loss, fat, and skeletal muscle wasting.’
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Although cachexia is related to anticancer treatment intolerance,
worsening of prognosis, and death of advanced cancer pa-
tients,®* it remains incurable and poorly characterized. From a
physiological standpoint, one of the main signaling pathway hav-
ing a role in controlling skeletal muscle mass is the TGFf super-
family, where activin/TGFB-Smad2/3 signaling induces atro-
phy?'?° and it is counteracted by the opposite BMP-Smad1/5/
8 axis. The former indeed drives atrogenes expression and pro-
tein breakdown, while the latter induces protein synthesis.'>'®

Our results demonstrated that, in cancer cachexia, a state of
systemic inflammation contributes to the upregulation of the
BMP scavenger ERFE through STAT3 activation. This extracel-
lular inhibition is combined with the activity of the immunophilin
FKBP12, which acts as an intracellular brake for BMP signaling
activation. These two layers of inhibition contribute to decreased
activation of pSmad1/5/8 in atrophic muscles and cachexia.

FK506 bypasses this state of BMP resistance by displacing
FKBP12 from BMPR-I, restoring pSmad1/5/8 signaling in vitro,
increasing protein synthesis, and preventing the degeneration
of skeletal muscle functionality in vivo (Figure 6E).

We thus identified two inhibitors of the BMP signaling as medi-
ators of muscle atrophy, previously characterized in the field of
iron metabolism, i.e., the extracellular BMP ligand chelator ERFE
and the intracellular inhibitor of the BMPR FKBP12. ERFE is a hor-
mone produced by erythroid cells known to reduce Smad1/5/8
signaling in the liver by sequestering BMPs from their recep-
tors.?%3931 Notably, although ERFE is also expressed in the skel-
etal muscle (and named myonectin®?), its biological function and
mechanism of regulation in the muscle remains to be clarified. In
contrast, FKBP12 is a peptidyl-prolyl-cis-trans cytosolic isom-
erase that belongs to the immunophilin superfamily, known to
form various heterocomplexes, as its binding to the glycine-
serine-rich domain of BMPR-lI avoids their uncontrolled
activation.*%>°

Our results demonstrated that, in cachectic muscles, com-
bined with the already known hyperactivation of the Smad2/3
axis,”'">° a BMP resistance characterized by decreased BMP
signaling is observed despite similar levels of BMP ligands. We
found indeed that the BMP inhibitor ERFE is more expressed
in models of cancer cachexia and in muscles of pre-cachectic
and cachectic cancer patients. This indicates that some
muscular alterations can precede the onset of cachexia, poten-
tially contributing to its development. Of note, it has been even
reported that conditions such as metabolic rewiring and muscle
wasting predate the diagnosis of cancer.®°%°"

We found that phosphorylated STAT3 (Tyr705) is recruited to pu-
tative STAT3 binding sites on the promoter of Erfe in cachectic
muscles, and that its inhibition or knockdown is sufficient to pre-
vent ERFE upregulation. STAT3 activation in the skeletal muscle
is a key signaling pathway that drives wasting and cachexia,*®

also due to the high levels of IL-6 in cachectic patients and
mice.40,58—60

(F and G) Frequencies distribution of the CSA of the fibers in the gastrocnemii of vehicle and FK506-treated control and C26 tumor-bearing mice and repre-
sentative immunofluorescence pictures of gastrocnemii stained with Laminin (green) and myosin llb (red) (G) (n = 4/5).

(H) In vivo SUNSET assay and immunoblot for puromycin performed with the gastrocnemii of the different groups (n = 3/4). See also Figure S6. Data information:
Statistical significance was tested with one-way ANOVA followed by Sidak’s multiple comparison test in (A)—(E) and with two-way ANOVA followed by Sidak’s

multiple comparison test in (F).
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Figure 6. FK506 prevents the degeneration of NMJs morphology and preserves muscle strength

(A) Final grip strength as percentage of initial grip strength at day 0 in FK506 or vehicle-treated C26 tumor-bearing and control mice at day 11 post-C26 injection
(n=5/7).

(B and C) Volume of the NMJs quantified in the EDL muscle and stained with a-bungarotoxin-Alexa 488 (B) and relative representative picture of the experimental
groups (C) (n = 3, 28-30 NMJs quantified per mouse).

(D) Expression levels of Chrne gene in the gastrocnemii of FK506 or vehicle treated C26 and control mice at day 11 post-C26 injection (n = 3/4).

(E) Graphical representation of the molecular mechanism. In cancer cachexia, systemic inflammation induces catabolism by hyperactivating TGFB-Smad2/3 axis
and by increasing the expression of BMP signaling inhibitors. Activated pSTAT3 induces the upregulation of the BMP scavenger ERFE, which in combination with
the intracellular inhibitor FKBP12, contributes to the downregulation of the BMP-pSmad1/5/8 axis and therefore reducing protein synthesis in atrophic muscles.
Our therapeutic approach proposes the use of low-dose FK506, that by binding the immunophilin FKBP12 induces its displacement from the BMPR-I, rescuing
pSmad1/5/8 signaling and protecting from muscle atrophy in cancer cachexia. See also Figure S6. Data information: Statistical significance was tested with
one-way ANOVA followed by Sidak’s multiple comparison test.
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We found that C26 CM, as well as IL-6, induced pSTAT3. The
finding that stimulation with IL-6 was weaker than with CM could
indicate that multiple cytokines can contribute to STAT3 activa-
tion in the C26 model. Indeed, while the tumor is undoubtedly a
source of inflammatory cytokines and factors known to activate
STAT3,°" other compartments may also contribute to the chronic
and systemic inflammation in cachexia. For instance, tumor-
related dysbiosis®® and altered gut permeability and endotoxe-
mia®>®* are known to promote STAT3 activation and cancer
progression.©®

The functional relevance of the inhibitors ERFE and FKBP12 was
subsequently characterized in in vitro and in vivo models of
cachexia. ERFE supplementation significantly reduced myotube
diameter, while Fkbp12 knockdown protected from atrophy in
C2C12 myotubes. Similarly, muscle-specific AAV-mediated deliv-
ery of shRNA against Erfe or Fkbp12 was sufficient to decrease
muscle atrophy induced by C26 tumor. These results are coherent
with a previous study showing that Noggin, another BMP inhibitor,
is upregulated and induces atrophy and denervation in cachexia.'*
In contrast, extracellular activators of the catabolic signaling ex-
erted by pSmad2/3, as myostatin and activin A have been found
to be highly expressed in cachectic patients and to induce muscle
wasting in various murine models of cachexia.”'?*?>6557 Howev-
er, the targeting of myostatin failed to be effective in cancer pa-
tients, leading to the suspension of the clinical study
(LY2495655)°® and pointing to the necessity of alternative targets.

A cause for this failure might be due to the redundancy of extra-
cellular and intracellular TGFB superfamily members. Therefore,
targeting a single interactor might not be sufficient to generate a
relevant biological effect. To bypass the redundancy and the extra-
cellular ligands competition, we targeted the intracellular protein
FKBP12 to restore BMPR signaling.

In the absence of TGFB superfamily ligands, FKBP12 binds
BMPR-1,°°%° decreasing their signaling,”®’° while high levels of
BMPG6 induce FKBP12 displacement from ALK2 receptor in hepa-
toma cells.**

We found that FK506 fully rescues myotube atrophy, by acti-
vating pSmad1/5/8 axis and inducing protein synthesis in vitro.
Interestingly, we observed the same effects in C26 tumor-
bearing mice, where FK506-treatment reversed body weight
loss and muscle atrophy by increasing fiber size and protein syn-
thesis, and by preventing NMJs alterations.

Once upregulated, FKBP12 can bind several type | TGFf su-
perfamily receptors.*®? In 293T cells, the supraphysiological
expression of FKBP12 promotes moderate interaction with
ALKS3. However, in our study we found that FKBP12 preferen-
tially binds ALK2, as in previous studies on hepatic Smad
signaling regulation.3®3* Hence, ALK2 knockdown in C2C12 my-
otubes reduces FK506-induced Smad1/5 phosphorylation, and
its inhibition blunts the rescue of atrophy observed with FK506.
Beyond its promiscuity to BMPR-I, FKBP12 has also been
demonstrated to bind other proteins forming ternary structures
as the rapamycin-FKBP12-mTOR complex. When FKBP12 is
bound to rapamycin, the complex inhibits mTOR, with an immu-
nosuppressive effect by blocking protein synthesis.”" In our
context, we exclude any off-target effects on mTOR inhibition
by FK506, as we observed increased protein synthesis upon
FK506 treatment in vitro and in vivo, while mTOR inhibition by

¢ CellP’ress

OPEN ACCESS

Torin1 blunts the hypertrophy induced by FK506 in C2C12
myotubes.

Given the immunosuppressive action of FK506, we tested
the effect of low doses to maintain immune responses.”’ In
agreement, no alterations in the immunological landscape
were present in mice treated with either long- or short-term
FK506 treatment. Further indications that FK506 effect is inde-
pendent from immunosuppression are represented by the
curb of atrophy observed by direct FKBP12 knocked- down
in muscles. Moreover, cyclosporine A, an inhibitor of calci-
neurin independent from FKBP12, induces atrophy in C2C12
myotubes.

An emerging feature of muscle wasting in cancer is the pro-
gressive loss of NMJs integrity due to reduced Smad1/5/8
signaling.'* This pathway has indeed been shown to be involved
in NMJs fitness and functionality,'**®*” suggesting that FK506
might contribute to maintain the cross-talk between the skeletal
muscle and the NMJs through the BMP-Smad1/5/8 signaling. In
agreement, we found that FK506 preserved the volume and
morphology of the NMJs in C26 tumor-bearing mice and re-
verted the downregulation of the adult epsilon subunit of the
nicotinic acetylcholine receptor, a known marker of functional
adult NMJs.”

The use of a potentially immunosuppressive drug in cancer
patients might be counterintuitive and would require fine dose
optimization in humans to avoid undesired immunosuppression.
Despite these limitations, the off-label use of an approved drug
significantly decreases the costs of development of a new mole-
cule, as its safety and toxicity are already known. Moreover,
further studies in a slower paced cachexia will be important to
move closer to human physiology. As previously described,
cachexia affects patients with chronic inflammatory diseases
like cancer, chronic obstructive pulmonary disease (COPD),
AIDS, and sepsis, and it still represents an unmet medical
need.”’® Our results on improved muscle functionality and pro-
tection from NMJs alterations can expand this therapeutic
approach to neuromuscular diseases independent of cachexia.

Limitations of the study

We acknowledge some limitations to our study. The study has
been performed mostly with a specific murine cancer model,
i.e., the C26, which is an injectable tumor cells suspension
characterized by a rapid development of cachexia. Hence,
to understand the global impact of FK506 treatment on cancer
cachexia, it would be important the use of models with slower
kinetic, such as GEMMs, or in combination with clinically rele-
vant treatments such as chemotherapy. It would also be inter-
esting to determine whether our characterization is specific to
the C26 model, or the features are also shared in other tumor
models.

Considering the translatability in the clinic, the use of an immu-
nosuppressive drug as FK506 could be critical in cancer pa-
tients. Therefore, the identification and optimization of the effec-
tive dose of FK506 to trigger Smad1/5/8 pathway without
providing immunosuppression in humans would be required.

Finally, even though we found that the hormone ERFE is upre-
gulated in human pre-cachectic and cachectic muscle biopsies,
longitudinal studies in cancer patients are required to determine
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causality and the identification of ERFE as potential prognostic
marker.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Myoglobin Abcam Cat#77232; RRID:AB_1523998
FKBP12 Invitrogen Cat#PA1-026A

FLAG Tag Cell Signaling Cat#8146; RRID:AB_10950495
GAPDH Millipore Cat#MAB374; RRID:AB_2107445
Myc-Tag Cell Signaling Cat#2278; RRID:AB_490778
Smad1 Cell Signaling Cat#9743; RRID:AB_2107780
P-Smad1/5 Cell Signaling Cat#9516; RRID:AB_491015
P-Smad1/5/9 Cell Signaling Cat#13820; RRID:AB_2493181
STAT3 Cell Signaling Cat#4904; RRID:AB_331269
P-STAT3 Cell Signaling Cat#9145; RRID:AB_2491009
Vinculin Cell Signaling Cat#4650; RRID:AB_10559207
Puromycin Millipore Cat#MABE343; RRID:AB_2566826
H3K27ac Abcam Cat#ab4729; RRID:AB_2118291
Laminin Santa Cruz Biotechnology Cat#sc59854; RRID:AB_784266

Neurofilament-H (heavy)
CD45-VioGreen

CD3-FITC

CD4-APC/Vio770

CD8-VioBlue

CD49b-PE

PD1-APC

CD11b-FITC

F4/80-PE/Vio770

Ly6C-APC/Vio770

Ly6G-VioBlue

MHCII-APC

CD11b-FITC

CD11c APC

CD69-PE/Vio770

CD206-PE

PDL1-PE

FITC-conjugated rabbit anti-mouse IgG
rat anti-mouse IFN-y (clone R4-6A2)

Abcam

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Biolegend
Biolegend

BD Bioscience
Dako, Milano, Italy
BD Biosciences

Cat#Ab4680; RRID:AB_304560
Cat#130-123-900; RRID:AB_2811572
Cat#130-119-135; RRID:AB_2751635
Cat#130-119-134; RRID:AB_2751634
Cat#130-123-865; RRID:AB_2811566
Cat#130-102-337; RRID:AB_2660458
Cat#130-102-263; RRID:AB_2661365
Cat#130-113-234; RRID:AB_2733615
Cat#130-118-459; RRID:AB_2733260
Cat#130-111-917; RRID:AB_2652804
Cat#130-119-986; RRID:AB_2751964
Cat#130-112-388; RRID:AB_2652906
Cat#130-113-234; RRID:AB_2652918
Cat#130-110-839; RRID:AB_2654709
Cat#104512; RRID:AB_493565
Cat#141706; RRID:AB_10896421
Cat#558091; RRID:AB_397018
Cat#F313

Cat#551216; RRID:AB_394094

19G Cell Signaling Cat#2729; RRID:AB_1031062
CD16/CD32 - Fc Receptor blocker Biolegend Cat#101302; RRID:AB_312801
Bacterial and virus strains

AAV9-shScramble This paper N/A

AAV9-shErfe This paper N/A

AAV9-shFKBP12 This paper N/A

Biological samples

Skeletal muscle biopsies from colorectal and pancreatic Chirurgia Generale 1 - Azienda N/A

cancer patients and healthy donors undergoing elective
surgery for non-neoplastic and non-inflammatory diseases.

Ospedale Universita Padova
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Activin A R&D Cat#338-AC
BMP6 Novus Biologicals Cat#6325-BM
Cyclosporine A Tocris Biosciences Cat#1101

DMH1 Sigma Cat#D8946
Beta-cyclodextrin Sigma Cat#C4767
Erythroferrone Aviva Systems Biology Cat#OPCA03036
FK506 Cayman Chemical Cat#10007965

Fc higG2/FLAG Laboratory of Dr. Léon Kautz N/A

Fc-mERFE Laboratory of Dr. Léon Kautz N/A

ERFE globular domain (gERFE) Laboratory of Dr. Léon Kautz N/A

IL-6 Peprotech Cat#216-16
Puromycin Santa Cruz Biotechnology Cat#sc-108071
Stattic Abcam Cat#120952
Torin-1 Tocris Biosciences Cat#4247

Critical commercial assays

Lipofectamine RNAIMAX reagent Thermo Fisher Scientific Cat#13778
Lipofectamine2000 Thermo Fisher Scientific Cat#11668019
Dual-Luciferase Reporter Assay System Promega Cat#E1910

Pierce BCA assay Thermo Fisher Scientific Cat#23225
Mouse ERFE ELISA kit Intrinsic Lifesciences Cat#ERF-200
Protein G-Dynabeads Life technologies Cat#10003D
QIAquick PCR Purification Kit Qiagen Cat#28104

SYBR GreenER kit Invitrogen Cat#11784200
TRIzol reagent Invitrogen Cat#15596026
High Capacity cDNA Reverse Transcriptase kit Applied Biosystems Cat#4368814
PowerUp SYBR Green master mix Applied Biosystems Cat#A25742
SuperScript IV Reverse Transcriptase Thermo Fisher Scientific Cat#18090010
Endofree Qiagen Plasmid-Giga kit Qiagen Cat#12391
Experimental models: Cell lines

C2C12 myoblasts ATCC Cat#CRL-1772; RRID:CVCL_0188
NIH/3T3 ATCC Cat#CRL-1658; RRID:CVCL_0594
HEK-293T ATCC Cat#CRL-3216
HuH7 Laboratory of Dr. Laura Silvestri N/A

C26 Laboratory of Dr. Nicoletta Filigheddu N/A

Experimental models: Organisms/strains

Female BALB/c Charles River Laboratories N/A
Oligonucleotides

qPCR SYBR primers See Table S1 for gPCR primers N/A

siFkbp12 Qiagen Cat#SI00171052
siAlk2 Qiagen Cat#S100888874
siAIk3 Qiagen Cat#S100929971
siCTR Qiagen Cat#1027310
SiISTAT3 From Dr. Lidia Avalle GenBank:NM_213659
siCTR (for siSTAT3 experiment) From Dr. Lidia Avalle GenBank:NM_009778
shErfe Eurofins Genomics TRCNO0000178969
shFkbp12 Eurofins Genomics TRCNO0000012492
shScramble (from siCTR) Eurofins Genomics Cat#1027310
ChIP-gPCR primers See Table S1 for ChIP-gPCR primers N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pErfe promoter_Luciferase Vector Builder N/A

pTK_Renilla Promega Cat#E2241

pGL3-(BRE)-Luciferase Addgene Cat#45126

pCMV6-ALK2-MYC Laboratory of Dr. Laura Silvestri N/A

pCMV6-ALK3-MYC Laboratory of Dr. Laura Silvestri N/A

pCMV6-FKBP12-FLAG Laboratory of Dr. Laura Silvestri N/A

pAAV_U6_shScramble This paper N/A

pAAV_U6_shERFE This paper N/A

PAAV_U6_shFKBP12 This paper N/A

pVAX1 Invitrogen Cat#Vv26020

pRHUT Laboratory of Dr. Laura Conti N/A

Software and algorithms

Prism GraphPad 6 Prism https://www.graphpad.com/
scientific-software/prism/

ImagedJ Fiji Image https://imagej.net/Fiji

Adobe lllustrator 2022 Adobe https://www.adobe.com/it/

products/illustrator.html
Biorender Biorender.com https://www.biorender.com/

RESOURCE AVAILABILITY

Lead contact
Requests for resources and reagents, or any additional information should be directed to the lead contact, Dr. Paolo Ettore Porporato
(paolo.porporato@unito.it).

Materials availability
Plasmids generated in this study will be available on request through completion of a material transfer agreement.

Data and code availability
Any additional information required to reanalyze the data reported in this paper, or any sharing of data of this study is available from
the lead contact upon request. This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human skeletal muscles biopsies

The study enrolled patients (age >18 years) with colon or pancreatic cancer surgically treated at the General Surgery 1, Padova Uni-
versity Hospital (Padova, Italy) from 2016 to 2021. Cancer patients were classified as cachectic in cases of >5% weight loss in the
6 months preceding surgery, >2% weight loss with either body mass index (BMI) < 20 or low muscle mass defined by the skeletal
muscle index (SMI) cut-offs.”* SMI values were quantified using the preoperative CT scans as previously described.'* The study
also enrolled control, healthy donors undergoing elective surgery for non-neoplastic and non-inflammatory diseases. Patients
with presence of active inflammatory or infective diseases, known myopathies, or viral infections were excluded. All patients joined
the protocol according to the guidelines of the Declaration of Helsinki and the research project has been approved by Ethical Com-
mittee for Clinical Experimentation of Provincia di Padova (protocol number 3674/A0/15). Written informed consent was obtained
from participants. The biopsies were collected during elective surgery within 30 min of the start of the surgery by cold section of
a rectus abdominal fragment of about 0.5-1 cm. The fragment was immediately frozen and conserved in liquid nitrogen for gene
expression analysis.

Animals
All animal experiments were authorized by the Italian Ministry of Health and carried out according to the European Community guid-
ing principles in the care and use of animals.

All mice were 6-8 weeks old female BALB/c, purchased from Charles River Laboratories and housed in a pathogen-free environ-
ment and kept food and water ad libitum.
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Cell lines

C2C12 myoblasts (CRL-1772), NIH/3T3 (CRL-1658), HEK-293T (CRL-3216), cells were purchased from ATCC, while HUH7 cells were
provided by Dr. Laura Silvestri and colon-26 (C26) cells were kindly gifted by Dr. Nicoletta Filigheddu (Universita del Piemonte Ori-
entale). All cells were cultured in DMEM/10% FBS. For C2C12 myoblasts differentiation into myotubes, when full confluency is
reached, the medium is switched to 2% horse serum (HS) DMEM for 4 days.

METHOD DETAILS

Cell culture

Conditioned medium (CM) was prepared as previously described. ' Briefly, cancer cells were grown to high confluency, then condi-
tioned in serum-free DMEM for 24h, medium was harvested and centrifuged at 500g for 10min. Supernatant was subsequently used
as conditioned medium.

Myotubes were treated with Activin A (R&D #338-AC), BMP6 (Novus Biologicals #6325-BM), cyclosporine A (Tocris Biosciences
#1101), DMH1 (Sigma #D8946) and beta-cyclodextrin (Sigma #C4767), Erythroferrone (Aviva Systems Biology OPCA03036), FK506
(Cayman Chemical 10007965), Fc higG2/FLAG (CTR Fc), Fc higG2/FLAG-ERFE and ERFE globular domain (QERFE) were kindly pro-
vided by Prof. Leon Kautz (IRSD, Toulouse), IL-6 (Peprotech #216-16), puromycin (Santa Cruz Biotechnology sc-108071), stattic
(Abcam #120952), Torin-1(Tocris Biosciences #4247).

For in vitro immunofluorescence, C2C12 myoblasts were seeded in a 96-well plate (Ibidi) and differentiated into myotubes. Once
treated, cells were fixed in 4% PFA at room temperature and then permeabilized with 0.1% Triton X-100. Nonspecific binding was
blocked by incubation of permeabilized cells in 1% BSA for 1h at room temperature. Cells were then incubated overnight at 4°C with a
primary antibody against myoglobin (Abcam #77232) diluted 1:400 in 1% BSA. A secondary antibody conjugated with Alexa Fluor
488 (Thermo Fisher) was applied for 1 h at room temperature. Pictures were acquired with a confocal microscope (Leica SP8).

Myotube diameter measurement
For Myotube diameter quantification, pictures of myotubes were taken 24h after treatment with phase contrast microscopy (Zeiss) at
20x magnification, and myotube diameter was measured using the software ImageJ as previously described.”®

siRNA-induced knockdown

C2C12 myotubes were transfected with siRNAs at day three of differentiation using Lipofectamine RNAIMAX reagent (Thermo Fisher

Scientific, #13778). Briefly, in a 12-well plate, the medium was replaced with 200 pL fresh medium, transfection mix was prepared

(2 x 25uL Opti-MEM, Thermo Fisher Scientific, #1985047; 2 uL RNAIMAX; 50pmol siRNA) and carefully added. After 4-6h 1mL of

medium was added and myotubes were analyzed 72h post-transfection. siRNA sequences are reported in the key resources table.
NIH/3T3 were knocked-down with siSTAT3 or with siCTR (1 pg/mL) for 72 h, as previously described.”®

Luciferase assay

For Erfe promoter-Luciferase reporter assay, Erfe promoter was cloned in a luciferase vector and purchased on Vector Builder. NIH/
3T3 cells were co-transfected with 1 pg of DNA (ratio 1:6 Renilla:Firefly) using Lipofectamine2000 (Thermo Fisher Scientific,
#11668019). After 16h, the transfection mix is aspired and substituted with siSTAT3 or siCTR mix to induce STAT3 knockdown.
50% C26 CM or IL-6 (100 ng/mL) were then added to the cells 72h post plasmid transfection, for 16h. Dual-Luciferase Reporter Assay
System (Promega) was then performed following the manufacturer’s instructions.

C2C12 myoblasts were seeded into a 48-well plate and co-transfected with pGL3-BMP responsive element (BRE)-Luc plasmid and
TK Renilla. Co-transfection was performed with 800 ng of DNA/well at a 1:6 ratio of Renilla:Firefly using Lipofectamine2000. Transfec-
tion mix was added to each well containing 100 uL of fresh medium. 4-6 h post-transfection 500 pL of fresh medium was added into
each well. The next day, cells were serum starved for 4h and subsequently treated with 30 ng/ml BMP6 and 10 pg/ml FK506 in 2% FBS
medium. Luminescence was measured using Dual-Luciferase Reporter Assay System (Promega) after 5 h of treatment.

Western blotting

Crushed skeletal muscle samples or C2C12 myotubes were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCI, 0.5% sodium
deoxycholate, 1.0% Triton X-100, 0.1% SDS, and 1mM EDTA) supplemented with protease and phosphatase inhibitor cocktail (Roche).
Protein concentration was determined using BCA assay (Thermo Fisher Scientific). 15 to 30 pg of proteins from cell lysates were loaded
for SDS-PAGE and then transferred to PVDF membrane prior to immunoblotting analysis. Blots were probed with the following primary
antibodies: FKBP12 (Invitrogen, PA1-026A), FLAG Tag (Cell Signaling, #8146), GAPDH (Millipore, MAB374), Myc-Tag (Cell Signaling,
#2278), Smad1 (Cell Signaling, #9743), P-Smad1/5 (Cell Signaling, #13820T), pSmad1/5/9 (Cell Signaling, #13820), STAT3 (Cell
Signaling, #4904), pSTAT3 (Cell Signaling, #9145), vinculin (Cell Signaling, #4650), puromycin (Millipore, MABE343).

In vitro co-immunoprecipitation (Co-IP)

The pCMV6-ALK2-MYC, the pCMV6-ALK3-MYC and the pCMV6-FKBP12-FLAG expressing vectors were kindly provided by Prof.
Laura Silvestri (San Raffaele Scientific Institute, Milan).
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HuH?7 cells were lipofected with FKBP12-FLAG and ALK2-MYC or ALK3-MYC using Lipofectamine 2000 (Thermo Fisher Scientific,
#11668019) according to manufacturer’s instructions. Briefly, HuH7 cells were transfected with 20 ng DNA with 1:1 ratio (ALK:FKBP12
or ALK:pCMV6 empty vector) in antibiotic-free medium. 16 h after lipofection, the medium is changed with fresh DMEM/10%FBS.

HEK-293T cells were transfected in HEPES and CaCl2 with 5 g DNA with 1:1 ratio (ALK:FKBP12 or ALK:pCMV6 empty vector) and
16h later, the medium is refreshed with DMEM/10%FBS.

The next day, HuH7 or 293T cells are starved in DMEM/2%FBS for 3h and treated with FK506 for 1h. Cells are subsequently
washed and pelleted in ice-cold PBS. Pellets are lysed in NET buffer (50mM NaCl, 5 mM EDTA, 10 mM Tris pH 7,4, 1% Triton
X-100) and protease inhibitors. 500 nug of proteins are incubated with the anti-FLAG M2 affinity gel (Sigma Aldrich) at 4°C for 2 h. After
gel washing, samples were eluted with 18uL of Laemmli sample buffer (without B-mercaptoethanol) and incubated at 95°C for 5 min.
After centrifugation, B-mercaptoethanol was added to supernatants and SDS-PAGE was performed.

Animal experimentation

Adeno-associated virus (AAV) AAV9-shRNA delivery was performed in 8 weeks old female BALB/c mice under inhalation of isoflurane
in medical oxygen. 10" AAV9-shRNA or AAV9-shCTR viral particles were resuspended in PBS for a final volume of 50uL. Using the
Hamilton (PB600-1) Repeating Dispensers (1uL), 10 injections of 5uL were performed in the gastrocnemii of the mice. AAV9-shCTR
injections were executed in the contralateral gastrocnemius, and the two constructs were equally side-exchanged within the exper-
imental groups.

Four weeks after AAV9 delivery, C26 murine adenocarcinoma cell suspension (750.000 cells per mouse) was inoculated subcuta-
neously into the flank and euthanized after 11 days

Concerning all FK506 (Cayman Chemical 10007965) in vivo administration, FK506 was dissolved in DMSO (5 mg/mL) and further
diluted in glucose-water (5%) to daily administer 0.02 mg/kg in 100uL of volume, through oral gavage. All mice were daily treated
either with vehicle DMSO buffer glucose (5%) or with FK506.

For RHuUT immunization, 6-8 weeks old male or female BALB/c mice were pre-treated for 1 week with FK506 or vehicle before the
first dose of vaccination.

In C26 experiments, all mice underwent one day of pre-conditioning before C26 inoculation. The body weight of the mice was
measured every 3 days, while the maximal grip strength was measured every 4 days with BIOSEB (BIO-GS3) instrument. All mice
were anesthetized and sacrificed at day 11 post-inoculation. Fresh blood was collected through intracardiac puncture and serum
was extracted by centrifuging clotted blood at 2,000g for 15 min at 4°C. All gastrocnemii (Gx), quadriceps (Qd), tibialis anterior
(TA), extensor digitorum longus (EDL), white fat deposits, livers, spleens and tumors were freshly isolated, weighted and normalized
to the respective tibial length, measured with a caliper.

Eythroferrone enzyme-linked immunosorbent assay (ELISA)
Serum protein levels of erythroferrone were measured with Intrinsic Lifesciences mouse ERFE ELISA kit (ERF-200) according to man-
ufacturer’s instructions.

Protein synthesis measurement with SUNSET assay
To assess protein synthesis in skeletal muscles in vitro and in vivo, SUNSET assay was performed as previously describe

Concisely, C2C12 myotubes were treated with C26 CM or Activin Ain DMEM/2%HS for 24h. For the last 4h of treatment, cells were
supplemented with puromycin (1 uM) and subsequently lysed in RIPA with protease and phosphatase inhibitors. Any kD SDS-PAGE
was then performed prior to immunoblotting with puromycin antibody.

For the in vivo measurements of protein synthesis (IV-SUNSET), all mice received an intraperitoneal injection of 0.040 umol/g of
puromycin dissolved in 100 pL of PBS. Subsequently, they were anesthetized and sacrificed in order to snap-freeze in liquid N2
all muscles exactly at 30 min after puromycin injection. Whole protein lysates in RIPA with protease and phosphatase inhibitors
were then processed for SDS-PAGE and immunoblotting as described before.

d 77,78

C2C12 myotubes and skeletal muscles chromatin immunoprecipitation (ChiIP-qPCR)

Three fully confluent 10 cm dishes of C2C12 myotubes per condition (untreated and pure C26 CM for pSTAT3, STAT3, H3K27ac, IgG)
were crosslinked with 1% formaldehyde for 10 min at room temperature. Formaldehyde was quenched by 0.125 mM glycine for 5 min
at room temperature. Crosslinked cells were quickly washed with cold PBS and collected in cold PBS.

Nuclear extracts were prepared by using isotonic buffer. Briefly, C2C12 myotubes were lysed in isotonic buffer containing 20 mM
HEPES pH 7.5, 100 mM NaCl, 250 mM Sucrose, 5 mM MgCI2, 5 mM ZnCI2 supplemented with 1% NP40. Cell pellets were resus-
pended in SDS ChIP lysis buffer containing 50mM Tris-HCI pH 8.0, 10 mM EDTA, 0.5% SDS and protease inhibitors. Chromatin was
sheared to an average DNA fragment length of 200-500 bp using Picoruptor sonicator (Diagenode) (12 cycles, 30s on/off). Cell ly-
sates were diluted five times with the ChlIP dilution buffer lacking SDS and composed by 17 mM Tris-HCI pH 8, 1% Triton X-100,
1.2mM EDTA, 170 mM NaCl to a final concentration of 0.1% SDS and used for immunoprecipitation with 4 ug of anti-Stat3 (phospho
Y705) antibody (Cell Signaling, #9145), anti-H3K27ac antibody (Abcam, ab4729), and an unspecific normal rabbit IgG as a control.
After overnight incubation of the chromatin with the antibodies at 4°C, the immunocomplexeswere captured with 10 pL of Protein
G-Dynabeads (Life technologies) for further 2 h at 4°C.
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For Stat3 ChlIP, the protein G-bound immunocomplexes were washed four times with buffer containing 50mM HEPES pH 7.6,
500mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Sodium Deoxycholate and protease inhibitors, while for H3K27ac ChIP were washed
with the following buffers: low salt wash buffer containing 20 mM Tris-HCI pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA,
150 mM NaCl; high salt wash buffer containing 20 mM Tris-HCI pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM
NaCl; LiCl wash buffer containing 10 mM Tris-HCI pH 8.0, 1% Sodium Deoxycholate, 250 mM LiCl, 1 mM EDTA, 1% NP40
and protease inhibitors. Immunocomplexes were eluted from the beads and crosslinking was reversed by incubation for over-
night at 65°C with TE buffer containing 1% SDS. DNA from immunoprecipitated samples as well as DNA from 10% input was
purified by using QlAquick PCR Purification Kit (Qiagen), according to the manufacturer’s instruction.The Stat3 ChIP and the
H3K27ac ChIP were analyzed by ChIP-gPCR using SYBR GreenER kit (Invitrogen) on target genomic regions (Table S1).
gPCR reactions were performed on a Rotor-Gene Q 2plex HRM Platform (Qiagen, 9001560). The data are expressed as a per-
centage of the DNA Input.

For in vivo chromatin immunoprecipitation, two entire frozen quadriceps per condition (CTR and C26 for pSTAT3, H3K27ac, IgG)
were homogenized with a Dounce homogenizer in 1,200 pL nuclear extraction buffer composed by 10 mM Tris HCI, 10 mM NaCl, 3
mM MgCl,, 10 mg/mL BSA, 0.1% IGEPAL, 0.5 mM DTT and protease inhibitors. Afterward, 37% formaldehyde was added to the
lysates to reach a final concentration of 1%, and incubated at room temperature for 10 min, tapping occasionally to mix. The cross-
linking reaction was interrupted by adding 75 pL of 1.25 M glycine on ice for 5 min. Samples were centrifuged at 1000g, 4°C for
10 min. Cell pellets were resuspended in SDS ChlP lysis buffer containing 50 mM Tris-HCI pH 8.0, 10 mM EDTA, 0.3% SDS and pro-
tease inhibitors. Chromatin was sheared to an average DNA fragment length of 500 bp using Picoruptor sonicator (Diagenode) (15
cycles, 30 s on/off). After sonication, the samples were processed as in vitro ChIP-gPCR.

Histology

Extracted gastrocnemii were immediately frozen in isopentane cooled in liquid nitrogen and stored at —80°C. Transversal sections of
10um were cut at the midbelly with a cryostat. Cross sectional area (CSA) was determined by sections fixation for 10 min in PFA 4%
PBS, then blocking with Triton X-100 0.1%, BSA 3% in PBS before incubating with primary antibodies against laminin (Santa Cruz
Biotechnology sc-59854), followed by incubation with corresponding secondary antibodies (Alexa Fluor 488) and DAPI (Abcam
228549). Pictures were taken as mosaic of the full section with a confocal microscope (Leica SP5) and fiber areas were measured
with MorphoLibJ plugin for ImagedJ.”®

Neuromuscular junction analysis

Extensor digitorum longus (EDL) muscles were immediately fixed in PFA 4% PBS for 10 min and placed in cold PBS. The full muscles
were stained with fluorescently tagged a-bungarotoxin - Alexa 488 (Thermo Fisher B13422) for 90 min 1:500 in PBS at room temper-
ature. The whole muscles were mounted and pictured with fluorescence confocal microscopy (Leica SP5).

Each post-synaptic NMJ has been acquired through 1 um thick z stack, and voxel were automatically quantified with ImageJ
software.

For denervation quantification, fixed EDL muscles were permeabilized for 2 h at room temperature in 2% Triton X-100 in PBS,
then blocked in 4% BSA - 1% Triton X-100 in PBS. The primary antibody anti-neurofilament-H (heavy) (Abcam #Ab4680) was
incubated 1:1000 in blocking buffer at 4°C overnight. 3 x 20’ PBS washes were followed by secondary antibody and fluores-
cently tagged a-bungarotoxin - Alexa 488 (Thermo Fisher B13422) incubation and whole mount. Pictures were acquired with
fluorescence confocal microscopy (Leica SP8). Denervation was measured evaluating 60 to 90 NMJs per mouse (with a total
of three mice per treatment group). Our scoring system, ranged from 0 to 2: 0 for complete denervation, 1 for partial denervation,
and 2 for full innervation.

RNA isolation and quantitative PCR (qPCR)

Total RNA was isolated from snap-frozen tissue samples using TRIzol reagent (Invitrogen) according to the manufacturer’s guide-
lines. 0.5ug of total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcriptase kit (Applied Biosystems)
following the manufacturer’s instructions. cDNA was analyzed by Real Time Quantitative PCR (ABI PRISM 7900HT FAST or Quant
Studio 6 Real-Time PCR system, Applied Biosystems) using the PowerUp SYBR Green master mix (Applied Biosystems #A25742)
and primers were designed according to Harvard validated PrimerBank. Relative mRNA levels were calculated using the 2-AACT
method and normalized to GAPDH mRNA. For human muscle biopsies, total RNA was extracted from approximately 20 mg of rectus
abdominal muscle using TRIzol (Invitrogen). 1 ng of RNA was reverse transcribed using the SuperScript IV Reverse Transcriptase
(Thermo Fisher Scientific). Gene expression was analyzed by qRT-PCR (Quant Studio 5 Real-Time PCR system, Applied Biosystems)
using the PowerUp SYBR Green Master Mix (Applied Biosystems #A25742). Data were normalized to beta-actin gene expression. All
RT-gPCR primers are listed in Table S1.

Adeno-associated virus (AAV) shRNA cloning

For the in vivo adeno-associated virus (AAV9-shRNA) delivery, short hairpin sequences targeting ERFE (ShERFE - TRCN0000178969),
FKBP12 (shFKBP12 - TRCN0000012492) or scramble sequence (shCTR) were cloned in the AAV plasmid and assembled in viral par-
ticles as previously described.”®#°
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FACS
Fresh primary C26 tumor specimens of 8-10 mm mean diameter were finely minced with blades and digested by incubation with
1 mg/mL collagenase IV (Sigma Aldrich) in RPMI-1640 at 37°C for 1 h in an orbital shaker. After washing in RPMI-1640 with 10%
FBS, the cell suspension was passed through a 70 um pore cell strainer, centrifuged at 1400 rpm for 10 min and incubated in eryth-
rocyte lysing buffer (155 mM NH,4CI, 15.8 mM Na,CO3, 1 mM EDTA, pH 7.3) for 10 min at room temperature. After washing in RPMI-
1640 with 10% FBS, 10° cells were collected, re-suspended in PBS, and treated with Fc-receptor blocker (anti-CD16/CD32 anti-
body, #101302, Biolegend). Splenocytes were collected by smashing spleens from vaccinated mice on a 40 um pore cell strainer,
centrifuging the resulting cells at 1,400 rpm for 10 min and incubating them in erythrocyte lysing buffer, followed by treatment
with Fc-receptor blocker. 50 uL heparinized blood collected by intracardiac injection were incubated with erythrocyte lysing buffer,
washed and incubated with Fc-receptor blocker. After Fc-receptor blocking, all samples were stained for 30 min at 4°C with the
following antibodies, as reported previously®':

anti-CD45-VioGreen (#130-123-900), anti-CD3-FITC (#130-119-135), anti-CD4-APC/Vio770 (#130-119-134), anti-CD8-VioBlue
(#130-123-865), anti-CD49b-PE (#130-102-337), anti-PD1-APC (#130-102-263), anti-CD11b-FITC (#130-113-234), anti-F4/80-PE/
Vio770 (#130-118-459), anti-Ly6C-APC/Vio770 (#130-111-917), anti-Ly6G-VioBlue (#130-119-986), anti-MHCII-APC (#130-112-
388), anti-CD11b-FITC (#130-113-234), anti-CD11c APC (#130-110-839) (all from Miltenyi Biotec) anti-CD69-PE/Vio770 (#104512,
Biolegend), anti-CD206-PE (#141706, Biolegend) and anti-PDL1-PE (# 558091, BD Bioscience). Samples were acquired on
BD-FACSVerse and cell populations (NK: CD3~ CD49b*; NKT: CD3* CD49b*; CD4* T cells: CD3* CD49b~ CD4*; CD8" T cells:
CD3* CD49b~ CD8"; DC: CD11b- CD11c+; macrophages: CD11b* F4/80*; m-MDSC: CD11b* F4/80" Ly6G~ Ly6C"9"; gMDSC:
CD11b* F4/80° Ly6G* Ly6CY™"9) analyzed with FlowJO10.5.3 and reported as percentage on the CD45* leukocyte population,
following doublets and dead cells elimination.

Vaccine preparation and mouse immunization

A plasmid coding for chimeric rat and human ErbB2 extracellular and transmembrane domains (RHuUT)®® and the corresponding
control empty plasmid pVAX1 (Invitrogen, Monza, Italy) were amplified and then purified using the Endofree Qiagen Plasmid-Giga
(Qiagen Inc., Cjatsworth, CA) following manufacturer’s instructions. Vaccination was performed by injecting 50 png of DNA diluted
in 20 pL of 0.9% NaCl into the quadriceps muscle of anesthetized mice. Immediately after the vaccine injection, the muscle was elec-
troporated by using an array needle electrode connected to an electroporator (Cliniporator, IGEA, Carpi, Italy). Two 25-ms trans-cuta-
neous low voltage electric pulses with an amplitude of 150 V spaced by a 300-ms interval were applied.®® Vaccination was repeated
14 days later. Two weeks after, mice were culled and sera and spleens were collected.

Antibody response

Blood samples were collected 14 days after the last vaccination and serum obtained by centrifugation. The concentration of anti-rat
Her2 antibodies was determined by flow cytometry as the ability of diluted sera (1:200) to bind 3T3/NKB cells (BALB/c 3T3 NKB, ex-
pressing the rat ErbB2, H-2K¢, and B7.1 molecules),®* which were a generous gift from Dr. Wei-ZenWei (Karmanos Cancer Institute,
Detroit, MI, USA). A FITC-conjugated rabbit anti-mouse IgG antibody (F313, Dako, Milano, Italy) was used to detect the bound pri-
mary antibodies. Flow cytometry was performed with a BD-FACSVerse and samples were analyzed with FlowJ0O10.5.3, and antibody
titers reported as mean fluorescence intensity (MFI).

IFN-y enzyme-linked immunospot (ELISpot) assay

Splenocytes from vaccinated mice were plated at 1 x 10%well into 96-well HTS IP plates (Millipore) precoated with 5 png/mL of rat
anti-mouse IFN-vy (clone R4-6A2, BD Biosciences). Cells were then stimulated with 15 ug/mL of rat ErbB2 immunodominant peptide
(TYVPANASL) peptide for 16 h in the incubator, or with concanavalin A (2 pg/ml) or medium alone as positive and negative controls,
respectively. Images of the wells were acquired, and IFN-y spots enumerated, with a microplate reader, along with a computer-
assisted image analysis system (Immunospot; CTL Europe, Bonn, Germany), as previously described.®?

QUANTIFICATION AND STATISTICAL ANALYSIS

All graphs show mean + SEM and were analyzed with GraphPad Prism (version 6.0, GraphPad Software). Detailed statistical tests are
reported in figure legends, where n represents the total number of independent experiments. For in vivo data, nis referred to the num-
ber of mice per group.

Statistical significance was tested with unpaired t-test when two groups of data were compared, with one-way ANOVA followed by
Sidak’s multiple comparison test when more than two groups were analyzed. Two-way ANOVA followed by Sidak’s multiple com-
parison test was performed when two variables were analyzed. When relevant, one sample t-test was performed. For human biopsies
analysis non-parametric Krustal-Wallis test followed by Benjamini, Krieger and Yekutieli multiple comparison test was performed.
Significance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001. The illustrations were created on Biorender.com and all figures
were assembled using Adobe lllustrator (Al, 2022).
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