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Abstract

Following injury, sensory axons locally translate mRNAs that encode proteins needed for the
response to injury, locally and through retrograde signaling, and for regeneration. In this study, we
addressed the mechanism and role of axotomy-induced intra-axonal translation of the ER
chaperone Calreticulin. /n7 vivo peripheral nerve injury increased Calreticulin levels in sensory
axons. Using an /n vitro model system of sensory neurons amenable to mechanistic dissection we
provide evidence that axotomy induces local translation of Calreticulin through PERK (protein
kinase RNA-like endoplasmic reticulum kinase) mediated phosphorylation of elF2a by a
mechanism that requires both 5 and 3’UTRs (untranslated regions) elements in Calreticulin
mRNA. ShRNA mediated depletion of Calreticulin or inhibition of PERK signaling increased
axon retraction following axotomy. In contrast, expression of axonally targeted, but not
somatically restricted, Calreticulin mRNA decreased retraction and promoted axon regeneration
following axotomy /n vitro. Collectively, these data indicate that the intra-axonal translation of
Calreticulin in response to axotomy serves to minimize the ensuing retraction, and overexpression
of axonally targeted Calreticulin mRNA promotes axon regeneration.
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Introduction

Injury of adult peripheral neurons is followed by spontaneous axon regeneration (Bradke et
al., 2012). The intrinsic growth capacity of PNS axons is higher than CNS axons that do not
spontaneously regenerate after injury (Chierzi et al., 2005). Extensive effort has been
devoted to understanding the mechanisms that explains these differences. Compared with
CNS axons, peripheral axons contain higher levels of ribosomal proteins and translation
elongation factors at all developmental stages (Verma et al., 2005; Zheng et al., 2001). There
are several studies from DRG neurons demonstrating the axonal mRNA localization and
local translation after conditioning-injury (Willis et al., 2005; Zheng et al., 2001). The
regenerative ability of PNS axons depends on their capacity to locally synthesize new
proteins and degrade others at the injury site autonomously from the cell body (Gumy et al.,
2010). For example, nerve injury triggers translation of axonal mMRNAs whose encoded
proteins are needed to stimulate transcriptional responses in the neuronal cell body (Hanz et
al., 2003; Perlson et al., 2005; Yudin et al., 2008) and other locally synthesized proteins
contribute to growth cone formation after axotomy (Verma et al., 2005). Cis-elements in the
UTRs of axonally localized mRNAs play central roles in post-transcriptional regulation
through subcellular mRNA localization, translational efficiency, and/or mRNA stabilization
(Andreassi and Riccio, 2009; Chatterjee and Pal, 2009). The 5’UTR elements are most often
linked to translation regulation (Bi et al., 2007; Choi et al., 2018; Vuppalanchi et al., 2012)
and the 3’UTRs regions are critical both for the targeting of mMRNAs to specific subcellular
compartments and in some cases for translational control (Andreassi and Riccio, 2009;
Huttelmaier et al., 2005; Tushev et al., 2018). Protein synthesis can be regulated globally
during stress by modulating the activity of the translation initiation factor (elFs) (Spriggs et
al., 2010). For example, activation of PERK leads to elF2a. phosphorylation at Ser51
impeding translational initiation as part of the integrated stress response (Pakos-Zebrucka et
al., 2016). PERK is a type | ER membrane protein containing a stress-sensing domain in the
lumen of the ER, a transmembrane segment, and a cytosolic kinase domain (Shi et al.,
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1998). ER stress activates PERK via oligomerization and autophosphorylation at multiple
serine, threonine, and tyrosine residues (Ma et al., 2002; Su et al., 2008).

Calreticulin is a pleiotropic protein that functions in the ER as a molecular chaperone
involved in the folding process for nascent proteins as well as in the homeostatic control of
cytosolic and ER calcium levels (Michalak et al., 1998; Michalak et al., 2002; Ostwald and
MacLennan, 1974). Previous work has established that Calreticulin mRNA (Calr) is locally
translated in isolated sensory axons in response to ER stress and ER calcium release
(Vuppalanchi et al., 2012). Calreticulin mRNA contains two cis-elements in the 3’UTR. A
proximal 3 UTR c/s-element that confers stimulus-dependent transport and a second more
distal element that confers its constitutive transport into PNS and CNS axons (Vuppalanchi
etal., 2010; Willis et al., 2007). The 5’UTR of Calreticulin mRNA further confers
translational regulation through phosphorylation of elF2a at serine 51 in response to ER
calcium release (Vuppalanchi et al., 2012). In this study, we observed an increase of axonal
Calreticulin translation in response to axonal injury. Little is known about the post-
transcriptional mechanisms that regulate axonal mMRNA translation during injury signaling
and the diversity of inputs that trigger elF2a kinase activation in neurons has not been fully
elaborated. In this study, we have used an acute injury (axotomy) and a physiological stress
stimulus (LPA) to examine the effects of PERK-elF2a phosphorylation in axonal
Calreticulin translation. We presented evidence that both axotomy and LPA enhance axonal
translation of Calreticulin mRNA through PERK-elF2a phosphorylation and through
concerted roles of both Calreticulin 5’UTR and 3’UTR elements. The data indicate that
axonal Calreticulin translation is rapidly triggered after injury through PERK-elF2a
phosphorylation to regulate the ensuing axonal retraction and promote elongation during
axonal regeneration.

Axonal Calreticulin levels increase in response to injury

Calreticulin functions as a molecular chaperone in the ER and in calcium homeostasis
through its very high calcium binding affinity (Michalak et al., 1998; Michalak et al., 2002;
Ostwald and MacLennan, 1974). Calcium influx in the axoplasm represents a fast signaling
event in response to injury that is able to trigger several mechanisms connected to axonal
growth ranging from local activation of proteases needed for growth cone formation to
retrograde signaling (Cho and Cavalli, 2014; Kamber et al., 2009). Calreticulin protein and
MRNA localize into axons of cultured DRG neurons in vitro and into PNS axons in vivo
(Vuppalanchi et al., 2010; Willis et al., 2005) and the upregulation of ER stress markers has
been correlated with /n vivo regenerative responses to axotomy (Onate et al., 2016). We
asked whether sciatic nerve crush injury alters axonal Calreticulin protein levels. Sciatic
nerves sections (naive and injured) were collected at 1 h, 6 h, 18 h and 7 days after crush
injury and immunostained. An increase in axonal Calreticulin protein levels was apparent at
6 h post- injury and reached maximum values 18 h post-injury compared with the control,
naive sciatic nerve (Fig. 1 A and 1B). Thus, axotomy rapidly increases axonal Calreticulin
protein levels in the PNS.
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Since elF2a phosphorylation was shown to increase translation of Calreticulin in axons of
cultured DRG neurons (Vuppalanchi et al., 2012), we aimed to analyze the signaling
pathway responsible for rapidly increased axonal Calreticulin protein levels after axotomy.
Chick DRG explants were used as an /17 vitro model system where we could simultaneously
sever many axons at once at a predetermined distance from the DRG soma (Spillane et al.,
2012). 24 hour explant cultures of embryonic day (E) 8 chicken DRG explants were
subjected to manual axotomy at ~ 800 um from the soma as outlined in the Materials and
Methods section (Fig. 2A). These cultures were fixed 20 min later and immunostained for
phospho-elF2a (elF2a-pS51) (Kimball, 1999) and Calreticulin. Phosphorylation of elF2a
on Ser51 (elF2a-pS51) inhibits general cap-dependent translation initiation to favor cap-
independent translation but also results in a paradoxical increase in translation of some
mMRNAs through cap-dependent mechanisms. Axonal immunoreactivity for both elF2a.-
pS51 (Fig. 2B and 2C) and Calreticulin (Fig. 2D and 2E) significantly increased in the distal
end of the severed axon, maintaining continuity with the cell body, proximal to the cut site.
Axotomy increases axoplasmic Ca2* and depletes ER Ca2* stores of ER in sensory neurons
(Rigaud et al., 2009). The decrease in ER Ca2* levels activate PERK that subsequently
phosphorylate elF2a on Ser 51 (Harding et al., 1999; Raven and Koromilas, 2008).
Consistent with this, axonal elF2a-pS51 and Calreticulin levels after axtomomy were
significantly lower in axons of DRG explants that were pre-treated with the PERK inhibitor
GSK2606414 (90 uM) (Axten et al., 2012) (Fig. 2B and 2D). In agreement with previous
work in axotomized DRG spot cult cultures (Ohtake et al., 2018), the fluorescence signal of
phospho-PERK was also increased after axotomy (Supplemental figure 1) indicating the
activation of PERK in response to injury. Thus, axotomy could be increasing elF2a-pS51
and subsequently Calreticulin protein levels by locally activating PERK, which has been
shown to localize to DRG axons (Wang et al., 2007). Taken together, these results suggest
that axotomy triggers synthesis of new Calreticulin proximal to the injury site through
activation of PERK and subsequent elF2a phosphorylation.

Axonal injury triggers local Calreticulin translation

Axotomy-induced increase in intra-axonal Ca2* levels has been shown to be required for
translation of axonal mMRNAs that encode proteins needed to assemble retrograde injury
signaling complexes (Perry and Fainzilber, 2009) and for new growth cone formation
(Vogelaar et al., 2009). We considered whether the rapid localized translation of Calreticulin
mMRNA represents a similarly fast signaling response to injury. In order to study the
mechanisms underlying the injury-induced increase in axonal Calreticulin levels, we utilized
an /in vitromodel system that allows for detailed spatial-temporal analysis of translational
regulation in DRG neurons using a diffusion-limited reporter as a surrogate for endogenous
mMRNAs. Dissociated adult rat DRG neurons were transfected with constructs for expression
of diffusion limited myristoylated (Myr) GFP carrying the Calr 3’UTR (3’Calr) for axonal
localization and the Calr 5’UTR (5’Calr) for translational regulation (5" Calr-
MyrGFP-3’Calr) (Vuppalanchi et al., 2012). The myristoylation domain restricts diffusion
of the GFP protein product in the axonal compartment, providing a measure of localized
protein synthesis over short duration time lapse experiments using fluorescence recovery
after photobleaching (FRAP) as previously reported (Aakalu et al., 2001; Vuppalanchi et al.,
2010; Yudin et al., 2008). Single axons were cut at 50-100 pm from the axon tip using a
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pulled glass electrode (Chierzi et al., 2005) and then recovery of GFP signals was monitored
over 35 min in the distal end of the severed axon, maintaining continuity with the cell body,
proximal to the cut site (Fig. 3A, white arrow). The recovery of the fluorescence signal
along axotomized axons was significantly increased (> 80%) at 20 min after axotomy
compared to the control axons not axotomized (Fig. 3A and 3B). This increase in axonal
GFP signal was significantly diminished by the translational inhibitor cycloheximide (Chx)
demonstrating that signal recovery was due to protein synthesis (Fig. 3B).

Since PERK inhibition diminished the axotomy-induced increase of endogenous axonal
Calreticulin protein (Fig. 2D and 2E), we asked if PERK activation is required for the
increase in 5’ Calr-MyrGFP-3’ Calr translation after in vitro axotomy. For this, we pretreated
DRG cultures expressing 5 Calr- MyrGFP-3’ Calr with GSK2606414 to inhibit PERK and
then analyzed axonal MyrGFP recovery in axons proximal to cut site. PERK inhibition
significantly decreased axonal 5’ Calr-MyrGFP-3’Calr fluorescence recovery compared to
axotomised DRG neurons not treated with PERK inhibitor (Fig. 3C and 3D). To determine
PERK’s contribution to basal translation of 5’ Calr-MyrGFP-3’Calr mRNA, we analyzed the
effect of the PERK inhibitor in the fluorescence recovery of distal axons without being first
injured. GSK2606414 did not alter the basal translation of 5’ Calr-MyrGFP-3’Calr mRNA
(compare Fig. 3B no axotomy and Fig. 3D no axotomy + PERKIi, see analysis in legend of
figure 3). Taken together, these data suggest that axotomy of DRG neurons triggers axonal
Calreticulin translation in a PERK dependent manner.

Axotomy increases elF2a phosphorylation in axons of DRG neurons with subsequent
translation of Calreticulin mRNA in axons (Fig. 2B—C and Fig. 3). Previous studies have
shown that Calr 5"UTR confers translational control through a mechanism that requires
elF2a phosphorylation (Vuppalanchi et al., 2012). To test the role of Calr 5’UTR in injury-
induced Calreticulin mRNA translation, we replaced Calr 5’UTR with that of Actb (5 Actb-
MyrGFP-3’Calr). Actb mRNA extends into axonal growth cones of developing cortical
neurons (Bassell et al., 1998) and into axonal process of DRG neurons where is translated
(Zheng et al., 2001). Importantly, we saw no significant GFP fluorescence recovery in axons
of DRG neurons expressing an mRNA where Calr 5’UTR was replaced with that of Actb
(5" Actb-MyrGFP-3’Calr) relative to the non-axotomized axons (Fig. 4A-B). These current
data suggest that axotomy induced increase in axonal Calreticulin translation requires the
RNA motifs in its 5’UTR.

The 3’UTR of Calreticulin mRNA drives axonal localization into the distal axons of DRG
neurons (Vuppalanchi et al., 2010). To test the possibility that Calr 3’UTR impacts axonal
Calreticulin translational regulation in response to in jury, we replaced Calr 3’UTR with that
of Hmgb1 (5’ Calr-MyrGFP-3"Hmgb1). Hmgbl mRNA is constitutively transported into
axons of cultured DRG neurons (Willis et al., 2007) and its 3’UTR is sufficient for axonal
localization of heterologous reporter mMRNA (Donnelly et al., 2013), so the 5’ Calr-
MyrGFP-3"Hmgb1 mRNA would be transported and locally translated in DRG axons. We
saw no significant GFP fluorescence recovery in axons of DRG neurons expressing an
mRNA where Calr 3’'UTR was replaced with that of Hmgb1 (5’ Calr-MyrGFP-3"Hmghb1)
relative to the non-axotomized axons (Fig. 4C-D). These current data suggest that axotomy
induced increase in axonal Calreticulin trasnlation requires the RNA motifs in its 3’UTR.
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PERK is required for the increase of axonal Calreticulin translation in response to ER

stress

LPA is a bioactive phospholipid that mediates multiple cellular responses (Moolenaar et al.,
2004) some of them resembling a series of processes undergoing after axonal infury.
Axotomy depletes ER-Ca2* stores (Rigaud et al., 2009) and leads to an elevation of
axoplasmic and cell body Ca?* that is necessary for axon regeneration (Bradke et al., 2012).
In DRG neuros, LPA increases intracellular calcium concentration through Ca?*
mobilization from intracellular stores (Elmes et al., 2004) and can cause protease activation,
cytoskeletal rearrangements, and neurite retraction in neural cell lines and primary neurons
(Campbell and Holt, 2001; N. Fukushima, 2011; Ye et al., 2002). The ER Ca?* released
during ER stress results in ER luminal signals that active PERK with the consequent
phosphorylation of elF2a. Ser 51 (Harding et al., 2002; Harding et al., 1999). LPA treatment
increase elF2a phosphorylation in axons of DRG neurons followed by axonal Calreticulin
mRNA translation (Vuppalanchi et al., 2012). PERK has been detected in DRG axons (Wang
et al., 2007) and we have shown that the inhibition of this kinase prevents the increase of
axonal Calreticulin translation in response to injury (Fig. 3C-3D). Since LPA triggers ER
Ca?* release (Elmes et al., 2004), a Ca2*-dependent activation of axonal PERK may lead to
phosphorylation of elF2a and translation of axonal Calreticulin mRNA under LPA
treatment. To test this hypothesis we generated a ShRNA expression plasmid to target rat
PERK sequence (NM_031599.2) (pSUPERShRNA-PERK-GFP). Determination of SiIRNA
mediated endogenous PERK knockdown was performed through western blot of lysates
collected 48 h after transfection of rat hybridoma F11 cells with pSUPERShRNA-PERK-
GFP. The expression of ShRNA-PERK efficiently knocked down the endogenous PERK
(compare lane 3 with lanes 1 and 2) (Fig. 5A). We generated constructs for PERK that
encoded an in frame C-terminal BFP with the coding sequence of PERK (Eif2ak3;
NC_000072), or kinase dead K618A Lys 618 to Ala mutant (Harding et al., 1999)

(pPERK ,,BFP and pPERK x-BFP, respectively) versus the same construct engineered to
be resistant to the siRNA target sequence (pPERK ,sescue-BFP and pPERK g prescue-BFP,
respectively). Western blot of lysates from pSUPERShRNA-PERK-GFP transfected HEK
293 cells (Fig. 5B) show that the shRNA effectively knocked down PERK protein
expression from both constructs expressing the wtand KD PERK sequences (lanes 2 and 5)
in compare with the control co-transfected with the shRNA-nontarget, (lanes 1 and 4). The
PERK levels were rescued by co-transfecting the cells with pPERK ,,srescue-BFP and
PPERK «prescue-BFP (compare lane 3 with 2 and lane 6 with 5) (Fig. 5B). The expression
of pSUPER-shPERK-GFP in DRG neurons was determined by the presence of GFP
expression (Fig. 5C, right panel). DRG neurons were co-transfected with the plasmids that
express the sShRNA-PERK (pSUPERsShRNAPERK-GFP) plus the plasmid that express the
mRNA 5’ Calr-Myrmcherry-3’Calr (left panel, Fig. 5C) and cultured for 48 h before
imaging analysis. By FRAP analyses, recovery of 5’ Calr-Mymcherry-3’Calr fluorescence
in LPA-treated DRG cultures was significantly increased in the distal axons of DRG neurons
expressing non-targeting ShRNA in compare with the not L PA-treated control neurons
expressing non-targeting shRNA. However, the recovery of 5’ Calr-Myrmcherry-3’Calr
fluorescence in LPA-treated DRG cultures was significantly reduced in the distal axons of
DRG neurons expressing ShRNA-PERK in comparison with the control neurons expressing
non-targeting shRNA and basal levels of PERK (Fig. 5C-D). This indicates that PERK is
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required for the axonal translation of Calreticulin in response to LPA. To rule out the
possibility of off target effects of the ShRNA-PERK, we co-transfected the cells with the
plasmid pPERK ,,sescue-BFP (first row, Fig. 5E) or pPERK kprescue-BFP (second row, Fig.
5E). The LPA-dependent fluorescent recovery of 5’ Calr-Mymcherry-3’Calr in axons of the
shPERK transfected neurons was restored with co-expression of PERK,,rescue-BFP but not
PERK kprescue-BFP (Fig. 5E-F). Considering that PERK inhibition diminishes the injury-
induced axonal Calreticulin translation (Fig. 3C and 3D), and that LPA induced translation
of Calreticulin is mediated by elF2a phosphorylation (Vuppalanchi et al., 2012), these
results together suggest that PERK-dependent elF2a phosphorylation selectively converges
to regulate axonal Calreticulin translation.

Phosphorylated elF2a regulates translation of Calreticulin mRNA in axons through
concerted roles of its 5"UTR and 3'UTR elements

Previous studies have shown that the Calr5’UTR confers translational control in response to
LPA treatment through a mechanism that requires elF2a phosphorylation (MVuppalanchi et
al., 2012). Although the mechanism underlying this translational regulation was not
described, the 5’UTR of Calreticulin mRNA cannot internally initiate translation in the
axonal compartment (Pacheco and Twiss, 2012). Considering that both axotomy and LPA
treatment trigger axonal Calreticulin translation (Fig. 3A and 3B) (Vuppalanchi et al., 2012),
we used LPA as a translation-inducing stimulus to examine the contributions of Calr’s UTR
elements in elF2a phosphorylation-dependent translation.

To test the possibility that Calr 3’UTR impacts Calreticulin translational regulation in axons
of neurons under LPA treatment, we compared FRAP signals for 5’Calr-MyrGFP-3’Calr to a
reporter carrying the Calr 5"UTR and the 3’UTR of Hmgb1 (5’ Calr-MyrGFP-3"Hmgb1).
Dissociated rat DRG neurons expressing 5’ Calr-MyrGFP-3’ Calr vs. 5’ Calr-
MyrGFP-3"Hmgb1 mRNA sequences were subjected to FRAP following treatment with
LPA. The 5’ Calr-MyrGFP-3’Calr expressing DRG neurons showed robust recovery,
reaching statistical significance within 6 min post-bleach that was prevented by treatment
with anisomycin (Ani), a protein synthesis inhibitor (Fig. 6A-B). In contrast, neurons
expressing 5’ Calr-MyrGFP-3"Hmgb1 did not show significant recovery of the fluorescence
signal after photobleaching (Fig. 6A-B). These data suggest that both 5” and 3’UTR of
Calreticulin mMRNA are needed for upregulation of Calreticulin translation in response to
LPA. Thus, elF2a phosphorylation could be a common signaling mechanism mediating
axonal Calreticulin translational in response to injury or LPA treatment.

The 3’UTR of Calreticulin mRNA contains two separate sequences that are the minimum
sequences sufficient to drive axonal localization. mMRNASs engineered to have a 3’UTR
containing only the proximal sequence spanning from nt 1315-1412 or only the sequence
spanning from 1675-1780 nt (highlighted in yellow on figure 5D) both localize to axons
(Vuppalanchi et al., 2010). The nt 1315-1412 sequence (proximal element) confers ligand-
dependent localization into sensory axons in response to NT3 or MAG stimulation, while the
sequence from nt 1413-1780 (distal element) showed constitutive localization into sensory
axons (Vuppalanchi et al., 2010). We asked whether these two elements of the Calr 3’UTR
may differentially impact the LPA-induced translation of axonal Calreticulin mMRNA
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observed in figure 6B. For this, we generated reporters with Calr 5’UTR and 3’'UTR
containing only the proximal element (nt 1315-1412; referred to as 5’ Calr-

MyrGFP-3’ Calrq305_1412) or the distal element (nt 1413-1780; referred to as 5’ Calr-
MyrGFP-3’Calrq413-1780) and used these for FRAP analyses in DRG neurons exposed to
LPA (Fig. 6C-D). Distal axons of neurons expressing 5’ Calr-MyrGFP-3’ Calr{315-1412
showed significant recovery from photobleaching that was translation dependent (Fig. 6C—
D). In contrast, recovery for 5’ Calr-MyrGFP-3’Calri413-17g0 in response to LPA was overall
comparable to the translation inhibited by anisomycin of 5" Calr- MyrGFP-3’Calrq315-1412
after LPA treatment (Fig. 6C-D). The overall levels of basal axonal translation of 5’ Calr-
MyrGFP-3’ Calrq413-17g0 Without LPA was comparable to 5’ Calr- MyrGFP-3’ Cal{315-1412
and to the reporter with full Calr 3’UTR (supplemental figure 2). These data indicate that
Calr 3’UTR proximal element (nt 1315-1412) is essential for the LPA-dependent axonal
translation of Calreticulin mRNA.

Since LPA increases the phosphorylation of elF2a. (Vuppalanchi et al., 2012), we asked if
axonal translation of 5’ Calr-MyrGFP-3’Caly315-1412 responds to manipulation of elF2a
phosphorylation in the absence of LPA signaling. For this, we contransfected neurons with
5’ Calr-MyrGFP-3’Caly315-1412 plus a phosphomimetic construct of elF2a. (Ser 51 to Asp
mutation; elF2aS51D-ECFP) (Kaufman et al., 1989) or a non-phosphorylatable elF2a (Ser
51 to Ala mutation; elF2a S51A-ECFP) (Pathak et al., 1988). For detection, both constructs
encoded an in frame ECFP fused to the C-terminus of elF2a.S51D or elF2a.S51A. By FRAP
analyses, DRG neurons co-expressing the phosphomimetic elF2a showed robust recovery of
5’ Calr-MyrGFP-3’ Calr{315_1412 fluorescence compared to those expressing elF2aS51A
(Fig. 6E—F). In contrast, neurons expressing elF2aS51D showed much lower fluorescence
recovery of the constructs lacking the proximal element nt 1315-1412 (5’ Calr-

MyrGFP-3’ Calrq413_17g0) in comparison to the fluorescence recovery of 5’ Calr-
Myrmcherry-3’Calri315_1412 (Fig. 6E-F). The recovery of 5’ Calr-MyrGFP-3’Calr{413-1780
+ elF2a.S51D was slightly increased compared to 5’ Calr- MyrGFP-3’Calri413-1780 +
elF2a.S51A at later time points in the FRAP analysis (see analysis in legend of figure 6). In
neurons expressing elF2aS51A, the baseline fluorescence recovery of 5’ Calr-
MyrGFP-3’Calry413-1780 Was overall comparable to axonal fluorescence recovery of 5’ Calr-
Myrmcherry-3’Calr ;375_7472 in agreement with the results shown in supplemental figure 2.
Taken together, these data indicate that LPA-induced elF2a phosphorylation specifically
upregulates translation of axonal Calreticulin mRNA through a mechanism requiring both
the 5"UTR and specific 3’'UTR element within nt 1315-1412.

Axonal Calreticulin translation attenuates retraction of injured axons and promotes
regeneration.

Since both /n vivoand in vitro axotomy rapidly increased axonal Calreticulin levels, and /in
vitro this was mediated through PERK phospho-elF2a.-dependent translation, we asked
what the functional significance of this increase in axonal Calreticulin protein serves for the
retraction and regenerative responses of injured axons. For this, dissociated adult rat L4-5
DRG neurons were cultured for 24 h at low density such that individual axons could be
severed with a pulled glass micropipette as described above (representative inset panel on
Fig. 7A). By measuring the movement of the axon tip relative to the cut site, we quantified
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the extent of retraction and regeneration of the distal end of the severed axon, maintaining
continuity with the cell body, over a 2 h time-lapse imaging experiment. Using this
approach, we assessed the role of PERK to elF2a. phosphorylation and subsequent
translation of Calreticulin in individual injured axons. Axons in DRG cultures where PERK
was inhibited using GSK2606414 (90 um) (Axten et al., 2012) showed significantly greater
axon retraction following the axotomy compared with the control axons treated with DMSO
(Fig. 7A-B and supplemental videos 1 and 2).

After PERK-elF2a phosphorylation, phospho-elF2a (elF2a-pS51) inhibits the guanine
exchange factor activity of elF2B complex, disabling ternary complex formation (elF2-GTP-
Met-tRNA) and limiting cap-dependent translation initiation (Kimball, 1999). ISRIB
prevents the interaction of elF2B with phospho-elF2a, and therefore can reverse the
inhibitory effect of elF2a phosphorylation on general cap-dependent translation (Sekine et
al., 2015). Severed axons of DRG cultures treated with ISRIB (300 nM) showed a
significant increased retraction above the vehicle treated control (Fig. 7C-D). The retraction
of ISRIB treated axons was similar to the axons treated with PERK inhibitor (Fig. 7E).
Thus, ISRIB treatment did not rescue the axonal behavior in the first 2h after injury
suggesting that not only elF2a phosphorylation but also the inhibition of the general cap-
dependent translation could be required in the early response to injury. Interestingly, DRG
neurons treated with ISRIB did not show and increase in axonal Calreticulin levels after
injury compared to the control neurons (supplemental figure 3), suggesting that inhibition of
general cap-dependent translation through elF2a phosphorylation may be necessary to
activate the translation of specific mMRNAs involved in the early response to axonal injury of
sensory neurons. Together, these data suggest that translation of Calreticulin in axons may
attenuate axon retraction after injury, thereby allowing regeneration to ensue quicker or at
all.

To test the possibility that axonal translation of Calreticulin is needed for regeneration, we
used sShRNA (pSUPER-shRNACAL-GFP) to target rat Calreticulin (NM_022399.2) and we
generated shRNA rescue constructs for Calreticulin that encoded an in frame N-terminal
mCherry with the coding sequence of rat Calreticulin engineered to be resistant to the
siRNA target sequence (pmCherry-CalrRescue). Determination of siRNA mediated
endogenous Calreticulin knockdown was performed through western blot of lysates
collected 48 h after transfection of F11 cells with pPSUPERShRNA-Calr-GFP (Fig. 8A). The
expression of ShRNA-Calr knocked down the endogenous Calreticulin (compare lane 3 with
lanes 1 and 2). Western blot of lysates from pSUPERshRNA-Calr-GFP transfected HEK 293
cells show that the shRNA effectively knocked down Calreticulin protein expression from
the construct expressing rat Calreticulin sequence, pmCherry-Calr (Fig. 8B, compare lane 2
with 1 and 3). Calreticulin levels were rescued by co-transfecting the cells with
pSUPERShRNA-Calr-GFP and pmCherry-CalrRescue (Fig. 8B, compare lane 5 with lane 2
and 4). In order to analyze the effect of Calreticulin knockdown in axonal outgrowth, growth
of DRG neurites was measured in cultures of adult rat L4—6 DRG neurons after transfection
with pPSUPERShRNA-Calr-GFP or co-transfection with pPSUPERShRNA-Calr-GFP plus
pmcherry-CalrRescue. The expression of ShRNA-Calr in DRG neurons was determined by
the presence of GFP expression and the expression of pmcherry-CalrRescue was determined
by the presence of mcherry expression (Fig. 8C). Interestingly, the expression of Calreticulin
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shRNA in the DRG neurons significantly decreased axon lengths measured at 48 h of
transfection (Fig. 8D). However, axonal length was restored to levels seen with control
shRNA transfection (pSUPERshRNA-nontarget-GFP) for DRG neurons co-transfected with
pSUPERsShRNA-Calr-GFP and pmcherry-CalrRescue (Fig. 8D). These data suggest that
Calreticulin protein supports axon growth.

We next used the /n vitro axotomy model used in Fig. 7 to test for functional roles for
Calreticulin protein in axotomy induced axon retraction. Similar to the observed effect of
PERK inhibition in the response to axotomy (Fig. 7A-B), shRNA-based depletion of
endogenous Calreticulin significantly increased axon retraction of the proximal cut axon end
remaining attached to the soma (Fig. 8E and supplemental videos 3a—-b and 4). In contrast,
neurons co-transfected with sShRNA-Calr plus the Calreticulin rescue construct showed
minimal retraction (Fig. 8E). Indeed, expression of the rescue construct resulted in decreased
retraction relative to the non-targeting ShRNA and the axons underwent slight increases in
length toward the site of severing (Fig. 8E). These data indicate that Calreticulin protein
attenuates axon retraction after injury thereby allowing regeneration.

To address if axonal exogenous enrichment of Calreticulin would improve the basal
regeneration capability of DRG neurons, we developed plasmids encoding an in frame GFP
fused to the N-terminus of the rat Calreticulin sequence (NM_022399.2) followed by one of
two different 3" UTR sequences at the C-terminus of the coding sequence. The 3’UTR of
ACTGL1 sequence restricts the mRNA into the soma (pGFP-Calr-3’ACTG1), while the
3’UTR of Actb (pGFP-Calr-3’Actb) localizes the mRNA into the axon (Bassell et al., 1998;
Donnelly et al., 2011; Zheng et al., 2001). As the goal of this approach is to overexpress
Calreticulin independent of any specific regulatory mechanism driven by the Calr 5’UTR,
the 5’UTR was omitted and translation of the GFP-Calr was controlled constitutively by an
ATG initiation codon within a proper initiation of translation sequence (Kozak, 1987). Thus,
by using these subcellular differentially targeted 3’UTR constructs we aimed at increasing
Calreticulin protein levels mostly in the soma or in the axon. Adult rat DRG neurons
expressing GFP-Calr-3’ACTG1 or GFP-Calr-3’Actb were subjected to axotomy using a
pulled glass electrode as described above and then imaged over time to evaluate the axonal
response. In contrast to the effects seen with PERK inhibition and Calreticulin knockdown
(Fig. 7A-B and Fig. 8E), neurons overexpressing the axonally targeted Calreticulin mRNA
(GFP-Calr-3’Actb) showed no retraction and significant increased elongation over the
course of the time lapse imaging compared to neurons overexpressing the GFP control and
to the neurons overexpressing the soma-restricted Calreticulin (GFP-Calr-3’ACTG1) (Fig.
8F and supplemental videos 5 and 6). Moreover, the axonal behavior of DRG neurons
expressing GFP-Calr-3’ACTG1 was comparable to GFP control neurons (Fig. 8F). Taken
together with the increased axonal retraction seen with depletion of Calreticulin and
evidence for axotomy-induced translation of Calreticulin mRNA at terminal axon cut sites,
these data indicate that localized translation of Calreticulin mRNA in injured axons reduces
retraction of cut axons and facilitates axon regeneration.
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Discussion

In highly polarized cells, transporting proteins over long distances can take a time longer
than the protein half-life (Campenot and Eng, 2000). Neurons can spatially and temporally
regulate protein composition of subcellular domains through translation of mMRNAs
transported to these sites. For example, translational control of localized mMRNASs contributes
to axonal responses to guidance cues and injury (Donnelly et al., 2010). Most known mRNA
regulatory elements are situated in the 5’ and 3’ of the UTRs. These elements act as
structural platforms for the assembly of proteins generating ribonucleoparticles that will
control mMRNA localization (Andreassi and Riccio, 2009) and translation (Kapur et al.,
2017). In the past decades, it has been shown that the 5’UTR is primarily involved in
controlling mRNA translation (Lacerda et al., 2017) and the 3’UTR regulates multiple
aspects of mMRNA metabolism (Moore, 2005). In general, protein synthesis can be regulated
globally during stress by modulating the activity of the translation initiation factor (elFs)
(Spriggs et al., 2010), at the level of individual mMRNAS through sequestration from the
translational machinery (Huttelmaier et al., 2005) or activating cap-independent translation
mechanism at the 5’UTR sequences (Choi et al., 2018; Fernandez et al., 2002). In neurons,
the 3"UTRs of localizing mRNAs frequently contain sequence elements responsible for their
transport to subcellular domains (Tushev et al., 2018; Vuppalanchi et al., 2009). Calreticulin
mMRNA translation is regulated through the 5’UTR element by L PA-dependent
phosphorylation of axonal elF2a. (Vuppalanchi et al., 2012). This translational stimulation
occurs in the axon but not cell body of sensory neurons and it is independent of any
alterations in transport of Calreticulin mRNA into the axons (Vuppalanchi et al., 2012). Here
we have shown that the activation of axonal Calreticulin translation in response to elF2a
phosphorylation requires coordinated actions of both 5’UTR and 3’UTR elements of
Calreticulin mRNA.

A decrease in ER Ca2* perturbs protein folding in the ER activating PERK (Harding et al.,
2002) that subsequently phosphorylates and inactivates elF2a (Harding et al., 1999; Raven
and Koromilas, 2008) decreasing global cap-dependent initiation of translation (Hinnebusch
and Natarajan, 2002). However, mRNAs encoding the ER chaperone proteins show a
paradoxical increase in their expression despite elevation of elF2aPS51 during ER stress
(Brostrom and Brostrom, 2003). Thus, elF2a. phosphorylation is important in the
downregulation of bulk translation under a wide variety of conditions but is also important in
allowing the enhanced translation of specific mMRNAs (Bellato and Hajj, 2016; Moon et al.,
2018). Our findings in sensory neurons reveal that injury-induced elF2a. phosphorylation
triggers axonal Calreticulin translation at early time points after injury. This is a novel
example of an ER chaperone protein locally translated, through PERK-elF2a.
phosphorylation, in response to injury.

The involvement of elF2a phosphorylation in acute stress conditions has been previously
reviewed (Bellato and Hajj, 2016; Moon et al., 2018). However, the mechanisms regulating
axonal translation are not well understood. Different mechanisms for elF2a-independent
translation are known (Holcik, 2015). Certain mRNAs are specifically translated under
cellular stress using cap-independent mechanisms (Spriggs et al., 2008). Internal Ribosome
Entry Site (IRES) are 5’UTR elements that can recruit the translational machinery to an
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internal position bypassing the recognition of the m’GTP residue (or cap) at the 5’ end of
most mRNAs (Baird et al., 2006). We have previously shown that 5’UTR of another
chaperone protein, BiP, is capable to internally initiate translation in the axons of DRG
neurons but not the 5’UTR of Calreticulin mRNA (Pacheco and Twiss, 2012). Rat
Calreticulin mRNA has a short 5"UTR (63 nt) that does not contain UORFs. Some MRNAs
with either an extremely short or a highly complex 5’UTR use non-canonical translation
initiation mechanism that direct protein synthesis under specific physiological settings
(Haimov et al., 2015). Interestingly, mRNAs encoding ERtargeted proteins are released from
the ER after induced-ER stress. The weak correlation between the presence of UORF
elements and translational changes for these genes suggested that alternative mechanisms for
initiation of translation are being used (Reid et al., 2014). Further experiments will be
necessary to rule out these possibilities for Calreticulin translation. Nevertheless, our work
indicates that the 5’UTR and 3’UTR proximal elements of Calreticulin mRNA are both
necessary to activate axonal protein synthesis in response to PERK-elF2a. phosphorylation
after axotomy and during acute LPA treatment. Gene-specific translational control by
interactions between 5’ and 3’UTR sequences have been described in bacteria (Franch et al.,
1997) and RNA viruses ((Edgil and Harris, 2006). In eukaryotic RNAs, translation of human
p53 mRNA is regulated by base-pairing interactions between 5’ and 3’UTR sequences
(Chen and Kastan, 2010).

Transected axons undergo a series of processes involving retraction, terminal enlargement
formation, growth cone re-formation and axon extension that requires a dynamic protein
turnover. The regeneration capability of an injured axon is dependent on the type of neuron,
the age (Chierzi et al., 2005) as well as their capacity to locally synthesize new proteins and
degrade others at the injury site autonomously from the cell body (Gumy et al., 2010). In
this study, we analyzed the retraction and elongation of single axons of DRG neurons during
the first 2h after injury. In acute stress conditions as ischemia, PERK induced P-elF2a-
mediated translational repression is a fundamental stress response (Kumar et al., 2001;
Owen et al., 2005). However, prior contradictory results found either a detrimental or
beneficial value for elF2a phosphorylation after axonal injury (reviewed in (Bellato and
Hajj, 2016)), leaving the understanding of elF2a signaling quite unclear. In this work, we
have shown that PERK-elF2a phosphorylation counter the retraction of axons after
axotomy. We observed that inhibition of PERK dramatically increase the axonal retraction
right after injury impeding regeneration. ISRIB is an elF2B activator that reverses the elF2a
phosphorylation inhibitory effect in the cap-dependent mRNA translation without preventing
elF2a phosphorylation (Sekine et al., 2015). Interestingly, the axons of DRG neurons
treated with either drug, ISRIB or PERK inhibitor, retracted similarly after injury. Moreover,
following axotomy the axonal Calreticulin levels of DRG neurons treated with ISRIB
remained in a similar level than the uninjured axons. Therefore, not only elF2a
phosphorylation but also inhibition of cap-dependent translation seems to be required for the
translation of specific mMRNAs involved in the early regenerative response of PNS axons.
Thus, our data suggests that the expression of an ER stress sensors as Calreticulin, is tightly
regulated during axonal injury through the inhibition of cap-dependent initiation of
translation. Similarly than the mechanism described during memory formation (Chesnokova
etal., 2017), elF2a phosphorylation and inhibition of cap-dependent translation could be a
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common signaling mechanism to switch the translation machinery to specific mRNA that
need to be expressed in response to injury.

ER is a major intracellular calcium store and is contained in distal axon segments of
polarized neurons (Gonzalez and Couve, 2014). The release of Ca2* from ER contributes
significantly to the intra-axonal Ca2* influx after injury (Li et al., 2013) that is necessary to
promote axonal regeneration (Kim and Jin, 2015). Thus, the Ca2* homeostatic alteration that
should follows after the axotomy experiments performed in this work could activate PERK
resulting in a PERK induced P-elF2a-mediated Calreticulin translation. Calreticulin is a
multifunctional Ca2*-binding protein that is highly enriched within the lumen of the ER
(Michalak et al., 2009) where acts as a Ca%* storage protein and it also assist in the correct
folding and assembly of proteins (Ellgaard and Frickel, 2003). However, Calreticulin
function as calcium modulator seems to be more significant than its function as a molecular
chaperone in terms of cellular viability (Michalak et al., 2009; Molinari et al., 2004). The
free Ca2* in the ER is a balance between Ca2* release, uptake and buffering by Ca2*-binding
proteins as Calreticulin. Moreover, Calreticulin plays key roles in modulating the sarco/
endoplasmic reticulum Ca2*-ATPase activity (John et al., 1998), which is activated by a rise
in cytosolic Ca?* and pumps Ca?* into the ER (MacLennan et al., 1997). The local
Calreticulin increase after axotomy of sensory neurons could help to recover calcium
homeostasis after the initial triggering of injury induced Ca2* waves. Thus, the axonal
retraction due to calcium-dependent cytoskeletal breakdown (Wang et al., 2012) could be
reduced by Calreticulin local translation to minimize subsequent retraction and promote
elongation and axonal regeneration. The efficient regeneration in C. Elegans axons requires
Calreticulin-dependent calcium fluxes within the severed neuron (Pinan-Lucarre et al.,
2012). In this work, we observed that the axons of DRG neurons with decreased levels of
endogenous Calreticulin retract longer distances after axotomy and they are not able to
regenerate, within the time frame of the experimental design. Furthermore, the axonal
growth capacity of DRG neuron was also dependent on endogenous Calreticulin levels as
reflected by shorter axon lengths in neurons with depleted Calreticulin levels. This is in
agreement with previous work in PC12 where Calreticulin promotes NGF-induced
neuritogenesis (Cheng et al., 2015) through its Ca2*~buffering domain (Shih et al., 2012).
Since both PERK inhibition and Calreticulin knockdown affect the axonal response after
injury in the same direction, likely the inhibition of the local increase of Calreticulin in
response to injury is the cause of the lack of regenerative response. Thus, in DRG sensory
neurons Calreticulin translation, through PERK-elF2a phosphorylation, could be tightly
regulated spatially and temporally to restrict axon retraction at early time points after injury.
Interestingly, axonal overexpression of Calreticulin mRNA remarkably increased the
elongation capacity beyond the cut site in a short period of time after axotomy, indicating
that this approach may be used to promote axon regeneration.

Conclusions

Axonal Calreticulin expression is tightly regulated during injury through the inhibition of
cap-dependent initiation of translation by PERK-elF2a phosphorylation. This mechanism of
translation requires concerted roles of Calreticulin 5’UTR and 3’UTR mRNA elements.
Therefore, based in our data and supported by previous literature we suggest that the local
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increase of Calreticulin translation at the injury site could contribute to calcium homeostasis
regulating axonal retraction and promoting the regeneration in the PNS axons.

Materials and methods

Animal surgery.

All animal work was conducted under Institutional Animal Care and Use Committee
(IACUC)-approved protocols at Drexel University and at Temple University. For nerve
injury, Male Sprague Dawley rats (150-225 g) were anesthetized using isoflurane and then
subjected to a unilateral conditioning sciatic nerve crush at mid-thigh level as previously
described (Twiss et al., 2000) using a Dumont 0 forceps (Smith and Skene, 1997). Animals
were euthanized at 1 h, 6 h, 18 h and 7 days after nerve crush and sciatic nerves (naive and
injured) were collected proximal to the crush injury site with a corresponding level of naive
nerve collection. Tissues were fixed in 4% paraformaldehyde for 2 h, cryoprotected in
buffered 30% sucrose at 4°C overnight, and processed for cryostat sectioning (10 um thick).
The contralateral nerve to crush injury was exposed but not manipulated to use it as a control
(i.e., naive).

DNA expression constructs.

All DNA constructs outlined below were sequence validated before use. All the constructs
used for studying axonal translation through Calreticulin UTR elements were generated in
the pcDNA3.1+ backbone (Invitrogen, V79020). For these, we used eGFP and mCherry
sequences with an N-terminal myristoylation signal (MyrGFP and MymCherry,
respectively). Diffusion limited MyrGFP reporter constructs, 5’Calr- MyrGFP-3’Calr,

5’ Calr-Mymcherry-3’ Calr and 5’ Actb-MyrGFP-3’Calr, were previously described
(Vuppalanchi et al., 2012). The Calr 3’UTR from 5’Calr- MyrGFP-3’Calr was replaced Notl/
Xhol with the segments corresponding to nt 1315-1412 (Calr 3’UTR proximal element) or
corresponding to nt 1413-1780 (Calr 3’UTR distal element) of the rat Calreticulin mMRNA
(GenBank accession no. NM_022399) that were cut Notl/Xhol from the 3’"UTR deletion
mutants constructs previously described (Vuppalanchi et al., 2010) generating the vectors
5’Calr-MyrGFP-3’Calrq315_1412 and 5’ Calr- MyrGFP-3’ Cal1413_17g0 respectively. The
MyrGFP segments from 5’ Calr-MyrGFP-3’Calr{315-141, and 5’ Calr-

MyrGFP-3’ Calrq413_17g0 Were replaced BamHI/Notl with the Myrmcherry fragment from
5’ Calr-Mymcherry-3’ Calr generating the vectors 5’ Calr-Mymmcherry-3’Cal 7375_7472and
5’ Cal-Mymcherry-3’Cal 7473_7750 respectively. To generate the construct 5’Cal-
MyrGFP-3’Hmgb1, Calr 3’UTR from 5’Calr- MyrGFP-3’Calr was replaced Notl/Xhol with
the rat sequence of Hmgb1 3’UTR that was cut Notl/Xhol from the construct with the rat
Hmgbl 3’UTR previously described (Donnelly et al., 2013).

The adenoviral vectors that express the sequences of elF2a mutants S51D and S51A
(Vuppalanchi et al., 2012) were used as PCR templates to generate the cDNAs of the elF2a
mutants S51D and S51A. The primers were engineered to include 5’ Hindlll and 3° BamHI
restriction sites in the cDNA products. The PCR conditions were as follows: 95°C for 1 min,
58°C for 1 min, and 72°C for 1 min for 35 cycles with a final 72°C extension for 10 min.
The digested PCR products were subcloned into pECFP-N1 (BD Biosciences Clontech,
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#6900-1) to generate constructs encoding an in frame ECFP fused to the C-terminus of
elF2a.S51D or elF2a.S51A (pS51D-ECFP and pS51A-ECFP respectively). The vectors that
express mouse sequence of PERK ,+ (addgene plasmid # 21814) and mouse sequence of
PERK kinase deaq (@ddgene plasmid # 21815) were used as PCR templates to generate the
cDNAs of PERKt and PERK kijnasepeas- The primers were engineered to include 5” Nhel
and 3’ Xhol restriction sites in the cDNA products. The PCR conditions were as follows:
95°C for 1 min, 58°C for 1 min, and 72°C for 1 min for 35 cycles with a final 72°C
extension for 10 min. The digested PCR products were subcloned into the pTagBFP-N
vector (evrogen products, FP172) to generate constructs encoding an in frame BFP fused to
the C-terminus of PERK,; or PERKkinaseDead (PPERKw-BFP and pPERK x-BFP
respectively). Replacing K618 of PERK with alanine (K618A) abolishes the ability of the
protein to undergo autophosphorylation or to phosphorylate elF2a. (Harding et al., 1999).
Both constructs encoded an in frame BFP fused to the C-terminus of PERK ,+ (PPERK .+
BFP) or and PERK kijnasenead (PPERK xo-BFP), respectively. For siRNA-resistant
PPERK s Rescue-BFP and pPERK xp_Rescue-BFP construct, 3 nucleotides of the siRNA-
targeted regions (GGTCATGGCGTTTAGTAAG) were mutated in the plasmids pPERK .
BFP and pPERK xp-BFP using QuikChange XL Site-DirectedMutagenesis kit (Stratagene).
The following primers were used: sense, 5’-
GCTGATTGGAAGGTA*ATGGCT*TTTAGC*AGGAAGGGAGGCCG -3’ and antisense,
5’- CGGCCTCCCTTCCAG*CTAAAA*GCCATT*ACCTTCCAATCAGC-3’ (asterisks
indicate mutated nucleotides).

Rat Calreticulin cDNA (GenBank accession no. NM_022399) was generated by RT-PCR
and cloned into pTagBFP-N plasmid (evrogen products, FP172). For this, RNA (200 ng)
isolated from rat DRG cultures was reverse transcribed using iScript cDNA synthesis kit
(Bio-Rad). The cDNA was then amplified using Pfu DNA polymerase (Stratagene). The
PCR conditions were as follows: 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min for 35
cycles with a final 72°C extension for 10 min. Primers spanning the coding sequence of
Calreticulin (nt 1-1251) were engineered to include 5’ Xhol and 3’ Sacll restriction sites in
the cDNA products. The purified PCR product was cloned upsteam of BFP, generating
pCalr-BFP. For siRNA-resistant pCalr-BFPrescue construct, 3 nucleotides of the siRNA-
targeted regions (GTGCTGATCAACAAGGATA) were mutated in the plasmid pCalr-
BFPusing QuikChange XL Site-DirectedMutagenesis kit (Stratagene). The following
primers were used: sense, 5°-
CAAGGGCAAGAACGTGCTA*ATCAAT*AAGGAC*ATCCGGTGTAAGGATG-3’ and
antisense, 5’-
CATCCTTACACCGGATG*TCCTTA*TTGATT*AGCACGTTCTTGCCCTTG-3’
(asterisks indicate mutated nucleotides).

The vectors pGFP-Calr-3’Actb and pGFP-Calr-3’ACTG1 were generated as follow. 5’Calr-
MyrGFP-3’Calr DNA was used as PCR template to amplify the sequence 5’HindlIl11-
GFP-3"BamHI that was subcloned into pcDNA3.1+ backbone (Invitrogen, VV79020)
generating pGFP vector. Rat Calreticulin cDNA was amplified by PCR using pCalr-
BFPrescue as template. The PCR conditions were as follows: 95°C for 1 min, 56°C for 1
min, and 72°C for 1 min for 35 cycles with a final 72°C extension for 10 min. Primers
spanning the coding sequence of rat Calreticulin (nt 521251) were engineered to include

Exp Neurol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pacheco et al.

Page 16

5’Notl and 3’Xbal restriction sites in the cDNA that was cloned in frame downstream the
GFP sequence of pGFP generating pGFP-Calr. The rat sequences of 3’Actb and 3° ACTG1
UTRs were amplified by PCR using as templates previously described vectors (Willis et al.,
2007). The primers were engineered with 5’ Xbal and 3’Apal restriction sites. The PCR
conditions were as follows: 95°C for 1 min, 56°C for 1 min, and 72°C for 1 min for 35
cycles with a final 72°C extension for 10 min. The digested PCR products were subcloned in
pGFP-Calr downstream of Calreticulin sequence generating pGFP-Calr-3’Actb or pGFP-
Calr-3’ACTGL. The GFP sequence of pGFP-Calr was replaced with the mcherry sequence
Hindl1I/Notl generating the vector pmcherry-CalrRescue. The vector pmCherry-Calr was
generated as follow. Rat Calreticulin cDNA was amplified by PCR using pCalr-BFP as
template. The PCR conditions were as follows: 95°C for 1 min, 56°C for 1 min, and 72°C
for 1 min for 35 cycles with a final 72°C extension for 10 min. Primers spanning the coding
sequence of Calreticulin (nt 52-1251) were engineered to include 5’ Notl and 3’ Xbal
restriction sites. The PCR product was used to replace the CalrRescue sequence on
pmcherry-CalrRescue generating pmcherry-Calr.

siRNA depletion of endogenous Calreticulin and PERK mRNAs.

shRNA sequences were expressed based on pSuper.puro (VEC-PBS-0007/0008,
OligoEngine) with modifications. GFP sequence was subcloned Pstl/Nhel on the plasmid
pSuper.puro generating the vector pSuper.GFP.puro. Calreticulin (pSUPERShRNA-Calr-
GFP) or the PERK silencing plasmid (0SUPERshRNA-PERK-GFP) [target rat sequences
GTGCTGATCAACAAGGATA (nt 525-544, GenBank accession no. NM_022399) and
GGTCATGGCGTTTAGTAAG (nt 929-948, GenBank accession no. NM_031599),
respectively], were generated according to the manufacturer instructions (OligoEngine).
Both Calreticulin and PERK shRNA target sequences were obtained through screening of a
list of predicted shRNA targets sequence by the online siRNA design tool siDRM (Gong et
al., 2008). The control shRNA-nontarget (target sequence GCGCGATAGCGCTAATAAT)
has no homology to any mammalian gene. For “rescue” experiments, dissociated DRGs
were co-transfected, as explained below, with the corresponding ShRNA expressing plasmid
and recombinant PERK or Calreticulin expression constructs and they were cultured for 48 h
before imaging. Protein depletion were quantified by immunoblot 48 h after transfection as
explained below.

DRG explants culture.

Fertilized chicken eggs containing embryos of either sex were obtained from Charles River.
At embryonic day 8 (E8), embryos were removed from the eggs and the DRG dissected out.
Whole explants were cultured, using previously described protocols (P.I. Lelkes et al., 2006).
The culturing substrata were coated with 100 pg/ml polylysine (SIGMA, P9011) in borate
buffer overnight and 25 pg/ml laminin (Invitrogen) in PBS 4 h. Explants were cultured in
defined F12H medium with NGF as previously described (Ketschek and Gallo, 2010) and
were used for experiments 24 h after plating in video dishes that provide a fixed substratum
during severing, unlike coverslips placed in dishes. Six to eight cultures, each containing 3
DRG explants, were used per group and axons were manually severed ~ 800 — 1000 pm from
the soma on one side of the explants using an interchangeable blade 1.5 mm cutting edge
(Fine Science Tool, 10035-05). The unsevered explants in the same cultures served as

Exp Neurol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pacheco et al.

Page 17

internal controls. PERK inhibitor (GSK2606414, 90 uM), ISRIB (SML-0843, 300 nM) or
DMSO was added 15 min before severing the axons. The cultures were immunostained 20
min after axotomy.

Cell culture and transfections.

HEK 293 cells, were maintained in 10% fetal bovine serum supplemented DMEM at 37 °C
and 5% CO2 on plastic dishes. Neuronal-like F11 cells, a hybridoma of embryonic rat DRG
neurons and mouse neuroblastoma cell line N18TG (Platika et al., 1985), were cultured in
DMEM:F12, 10% fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin
(Sigma) at 37 °C and 5% CO2 on plastic dishes. HEK-293 and F11 cells were transfected
with 2 mg plasmid using Lipofectamine 2000 Reagent per manufacturer’s instructions
(Invitrogen, 11668-027). Transfected cells were cultured for 48 h before lysates collection.

Primary cultures of dorsal root ganglion (DRG) were prepared from adult Sprague Dawley
rats (175 g). These were dissociated using 5 units/ul collagenase type XI (Sigma, C9697) for
30 min. The dissociated DRGs were transfected using AMAXA Nucleofector apparatus with
the SCN Nucleofector kit (program G-8; Lonza, Inc.) and resuspended in DMEM/F12
(Corning, 16—-405-CV) with 10% horse serum (Hyclone) and cultured for 48h. The culture
media was replaced at 20 h post-transfection with media containing 10 mM
arabinofuranosyl cytidine (SiGMA-Aldrich, C6645) to decrease proliferation of non-
neuronal cells. Dissociated DRG neurons were plated in videodishes coated with 100 pug/ml
polylysine (SIGMA, P9011) in H20 for 1 h and 25 pug/ml laminin (Invitrogen) in PBS
overnight. DRG neurons were plated in videodishes for 24 h in the experimental groups of
DRG neurons treated with drugs (PERK inhibitor and ISRIB), or for 48 h in the transfected
neurons studies, before axotomy and live imaging analysis. DRG neurons that were subject
to axonal growth analysis were plated on coated coverslips and fixed 48 h after transfection
using 8% paraformaldehyde (PFA) containing 5% sucrose for 15 min, washed in PBS,
washed in deionized water, and mounted in no-fade mounting medium. The samples were
imaged using a Zeiss 200 M microscope equipped with an Orca-ER camera (Hamamatsu) in
series with a PC workstation running Axiovision software for image acquisition and
analysis. Imaging was performed using a Zeiss Plan-Neofluar 20X objective (0.5 NA), 2X2
camera binning, minimal light exposure. Acquisition parameters were set to prevent
saturation of the signal in axons

Immunocytochemistry and quantification of fluorescence intensities.

Cultures of chicken DRG explants were fixed, 20 min after severing the axons, using 8%
paraformaldehyde (PFA) containing 5% sucrose for 15 min; Samples were then blocked
using 10% goat serum in PBS with 0.1% Triton X-100 (GST) and stained with primary
antibodies for 60 min, washed in PBS, incubated with secondary antibodies for 60 min
(Alexa 488, 1:400, Invitrogen), washed in PBS, washed in deionized water, and mounted in
no-fade mounting medium as previously described (Gallo and Letourneau, 1999). The
following primary antibodies were used in conjunctions with the described fixation protocol
above and at the described dilutions: P-elF2a (1:100; Cell Signaling, #9721), P-PERK
(Thr980) (1:1000, cell signaling, #3179S) and Calreticulin (1:100; abcam, ab2907). For
quantification of the levels of immunolabeled axonal proteins, samples were visualized

Exp Neurol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pacheco et al.

Page 18

using a Zeiss 200 M microscope equipped as described above using a Zeiss Plan-
Apochromat 40X objective (1.0 NA). Phase contrast images of the axons acquired at the
same times as the GFP channel were used to determine the location of the axon. Camera
binning of 2X2 was used and the acquisition parameters were set so that the entire dataset
was within the dynamic range of measurement. A minimum of 40 axons was scored per
culture in the peripheral halo of both severing axons and control axons (no severing axons).
Only distal axons that were not contacting other axons were scored. The distal 30-50 um
from the tip of severed axon shaft remaining attached to the soma was defined as a region of
interest using the Zeiss Axiovision software interactive measurement module, and the area
of the region of interest was multiplied by the background subtracted mean intensity of the
stain to obtain the total integrated staining intensity within the region of interest.

For sciatic nerve tissue sections, immunofluorescence was performed as previously
published (Merianda et al., 2013). Tissue sections were equilibrated in PBS and then
incubated in 20 mM Glycine for 10 minutes each with three changes followed by 0.25 M
NaBH4 for 30 min to quench auto-fluorescence. Permeabilized with 0.2 % Triton X-100 for
15 min and incubated in blocking buffer for an hour at room temperature (Muppalanchi et al.,
2010). Tissues were incubated in primary antibodies overnight at 4 C. The primary
antibodies used were rabbit anti-Calreticulin (1:100; Stressgen), chicken anti-neurofilament
Heavy NF H (1:800; Millipore), chicken anti-NF Light (1:400; Aves) and chicken anti-NF
Medium (1:200; Aves). After several washes with PBS, samples were incubated with
secondary antibodies for 1 h at room temperature. Secondary antibodies used were Alexa
488 conjugated anti-chicken (1:400; Invitrogen) and Alexa 555 conjugated anti-rabbit
(1:500; Invitrogen). After series of washes in PBS, samples were mounted on Prolong Gold
Antifade with DAPI (Invitrogen). Tissue sections were imaged using Zeiss LSM 700 laser
scanning confocal microscope. All images were matched for acquisition parameters and
post-processing. Calreticulin protein intensity was calculated from images that were
matched for exposure time, gain, offset, and post-processing parameters. NF signals were
used to trace axons. /mage Jwas then used to calculate the average pixels/um? in these areas
for >25 axons as described (Merianda et al., 2013; Vuppalanchi et al., 2012).

Fluorescence recovery after photobleach.

To monitor localized translation of diffusion-limited MyrGFP or Myrmcherry reporters, we
used fluorescence recovery after photobleaching (FRAP) as previously described (Yudin et
al., 2008) with minor modifications. Briefly, transfected DRG cultures were analyzed 48 h
after transfection for intra-axonal GFP or mcherry fluorescence using Zeiss LSM700
confocal microscope fitted with an environmental chamber to maintain 5% CO2 and 37 C
over the duration of the imaging sequences. 40X C-Apochromat-Korr M27 water immersion
objective (1.20 NA) was used for imaging, and the confocal pinhole was set to 4 airy units to
ensure that the entire 2—4 pm thickness of axons was fully photobleached. DIC imaging was
used to visualize neuronal processes; these are easily distinguished from Schwann cells in
these cultures by presence of a terminal growth cone and length of several hundred microns.
This was facilitated by the use of low-density cultures for these imaging studies. Prior to
photobleaching, neurons were imaged every 60 sec for 2 min to establish baseline intensity
using 488 and 555 nm lasers at 6.0 and 0.5% power, respectively. For photobleaching, the
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terminal = 150 pm of distal axon was exposed to 100% laser power at 488 and/or 555 nm
(for GFP and mCherry, respectively) to reach a pixel intensity of <5% of the prebleach
signals (50 iterations). Recovery of MymCherry and MyrGFP was then monitored in a
region of interest (ROI) comprising the terminal 50 pm of the axons every 60 sec. over 28
min. using 488 nm laser at 0.5% power and 555 nm laser at 6.0% power. To test for
translation-dependent recovery, cultures were pretreated with 150 pM anisomycin (A9789,
SIGMA-AIdrich) for 30 min or with 150 pug/ml cycloheximide (01810, SIGMA-Aldrich)
prior to photobleaching as previously described (Pacheco and Twiss, 2012). Transfected
DRG cultures were imaged 1 h after exposure to 30 uM LPA (BioMol). Images were
analyzed using ZEN 2010 software package (Zeiss) to calculate the mean fluorescence
intensity within the ROI. Fluorescent intensity at each time point was normalized to the
average pre-bleach intensity. Each construct was analyzed in = 8 neurons over at least 4
independent transfections/culture preparations.

To monitor localized translation of diffusion-limited MyrGFP reporter in response to injury
of DRG neurons, we used FRAP analysis with measurements in the cut end of the distal
shaft of axons attached to the soma 20 min after axotomy. Briefly, DRG cultures were
analyzed 48 h after transfection for intra-axonal GFP fluorescence using a Zeiss Axiovert
200 M microscope equipped with an Orca-ER camera (Hamamatsu) in series with a PC
workstation running Axiovision software for image acquisition and analysis. Cultures were
placed on a heated microscope stage (Zeiss temperable insert P with objective heater) for 15
min before imaging. Imaging was performed using a Zeiss Pan-Neofluar 100X objective
(1.3 NA), 2X2 camera binning, minimal light exposure. Acquisition parameters were set to
prevent saturation of the signal in axons. The FRAP assays were started 20 min after
axotomy. Frames were acquired just before and immediately after bleaching and at 5 min
intervals thereafter over 35 min time-lapse experiments. Photobleaching of MyrGFP was
performed in the terminal 60-80 um of distal axon remained attached to the soma, by using
30-45 s exposure in the entire imaging field to light from a 100 W source. Phase contrast
images of the axons acquired at the same times as the GFP channel were used to determine
the location of the axon at early time points in the FRAP when the GFP signal is otherwise
too low to detect the axon. Only axons that were photobleached by 90% of their initial value
were used in the analysis. To track recovery, the mean background subtracted intensity of
GFP was measured in a fixed ROI at the terminal axon using the Zeiss Axiovision software
interactive measurement module to calculate the mean fluorescence intensity within the ROI.

Live imaging analysis of axonal growth after axotomy.

DRG dissociated cultured were grown 24 h (drugs experiments) or 48 h (transfections
experiments) and a single axon per DRG neuron was severed under phase-contrast with a
pulled glass electrode set up in a manual micromanipulator (WPI, M3301R). The position of
axotomy was set up in the distal axon close to the axonal tip (50-100 um from the end of the
axon) and the position and appearance of the axons was recorded before and after the lesion.
We monitored regeneration by imaging the movement of the axons from the lesion site right
after cut by time-lapse microscopy every 5 min during 2h time-lapse imaging experiment.
The analysis was performed under phasecontract on a Zeiss Axio Observer Z1 inverted
microscope, in series with a PC workstation running Axiovision software for image
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acquisition and analysis. Cultures were placed on a heated microscope stage (Zeiss
temperable insert P S1 with objective heater 2000) associated to a temperature control
module (TEMPCONTROLLER 2000-2, PECON). PERK inhibitor (GSK2606414, 90 uM)
and ISRIB (SML-0843, SIGMA, 300 nM) drugs were added to the cultures 10-15 min
before severing the axons. The site of axotomy was set up as cero pm and the axonal
movement was quantified using Image J softward (NIH) by tracing from the axon tip the
axonal length changes between time frames acquisitions. The values were represented every
5 min along the 2h time-lapse imaging experiment as the position of the axons at each time
point respect the cut site (X axis). Negative values represent axonal positions retracted from
the lesion site and positive values represent axonal positions elongated beyond the cut site.

Immunoblotting.

For detection of endogenous PERK and Calreticulin knockdown, F11 cells were lysed 48h
after transfection in RIPA buffer at 4 °C for 20 min. Lysates were cleared by centrifugation
at 13,000xg, 4 °C; cleared lysates were normalized for protein concentration by Bradford
assay and then processed for SDS/PAGE. Fractionated proteins were transferred to PVDF
membranes, blocked for non-specific binding using 5% non-fat dry milk in Tris-buffered
saline (TBS) and then probed with anti-elF2a (1:1000, cell signaling, #9722S) or anti-
PERK (1:1000, cell signaling, #3192S) overnight at 4 °C in blocking buffer. After washing
in TBS, blots were incubated in HRP-conjugated anti-rabbit secondary antibodies (1:10,000;
Cell Signaling, #7074) and developed with ECLP!US (Amersham). For detection of
recombinants PERK (PERK-BFP) and Calreticulin (mcherry-Calr) recombinant proteins,
HEK-293 cells were lysed 48h after transfection in RIPA buffer at 4°C for 20 min following
the same immunoblotting protocol explained above and then probed with anti-RFP (1:1000,
Allele, ABP-MAB-RT008) overnight at 4°C in blocking buffer. After washing in TBS, blots
were incubated in HRP-conjugated anti-mouse secondary antibodies (1:10,000; Cell
Signaling, #7076) and developed with ECLP!US (Amersham). B-Actin Antibody (C4)
(sc-4778, Santa Cruz) was uses as a loading control.

Statistical analyses.

The GraphPad Prism 5 software package (La Jolla, CA) was used for all statistical analyses.
Student’s ftest was used to compare two means of independent groups. These included the
data from axonal length measurements in the static imaging experiments as well as from
quantified immunofluorescence signals from sciatic nerve sections and chicken explants
experiments. Data generated from live imaging experiments as FRAP studies, were
statistically tested by two-way ANOVA with Bonferroni post hoc test multiple comparisons
to compare fluorescence signal intensities at different time points as previously published
(Pacheco and Twiss, 2012; Vuppalanchi et al., 2010); time-lapse imaging to study axonal
regeneration after axotomy was statistically tested by regression analysis. All values were
expressed as mean + standard error of the mean (SEM). P values of < 0.05 were considered
as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Axotomy increase axonal Calreticulin translation in the PNS
. Injury induced PERK-dependent Phospho-elF2a. triggers axonal Calreticulin
translation
. Control of Calreticulin translation in axons requires both 5” and 3’'UTR
mMRNA motifs
. Calreticulin translation in cut axons reduces retraction and facilitates

regeneration
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Figure 1. Axonal injury increases the axonal levels of Calreticulin protein in vivo.
A, Representative exposure-matched confocal images of IF signals for naive (control) vs. 1 h

and 18 h post-crush-injury sciatic nerve are shown. Calreticulin protein is displayed in red
color, NF protein is displayed in green color and DAPI in blue color. The merged channels
are shown in the main panels of naive and 1 h and 18 h post-crush-injury sciatic nerve and
the white rectangles indicate magnification views of the Calreticulin and NF signals that are
shown in the lower panels of 18 h post-crush-injury sciatic nerve. Intra-axonal Calreticulin
protein signal is seen in both the naive (control) and injured nerve sections. B,
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Quantification of Calreticulin protein (red signal) mean pixel intensity overlapping with NF
H signal (green) in uninjured and injured sciatic nerve at 1 h, 6 h, 18 h and 7 days after
injury is shown as the fold change relative to naive as Mean + SEM (*P<0.05; **P<0.01;
***P<0.001 by Student’s T-test). The levels of Calreticulin within time points are presented
normalized to the time matched control group. The signal of axonal Calreticulin protein
starts to increase at 6 h after injury over 7 days post-crush-injury sciatic nerve in compare
with the control, reaching the maximum statistical significance at 18 h post-injury.
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Figure 2. Axonal injury increases elF2a. phosphorylation and Calreticulin levels.
A, Distal axons of chicken DRG explants were cut 24 h after culture at 800 — 1000 pm from

the soma. The dotted line represents the site of axotomy, the arrows indicate examples of the
growing axons. The samples were pretreated 10-15 min before axotomy with PERK
inhibitor (GSK2606414, 90 uM) or the vehicle DMSO and they were processed 20 min after
axotomy for immunostaining with antibodies to P-elF2a. (Ser51) (B) or to Calreticulin (D).
B, Exposure matched images of distal axons are shown for the immunoreactivity to P-elF2a
(Ser51). The arrows indicate examples of the growing axons after 20 min of axotomy and
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the dotted line represent the area of axotomy. C, Quantification of the integrated background
subtracted staining intensities of elF2a-pS51 in the cut end of the axons (ROI 30-50 pm
from severed tip toward the distal axon attached to the soma) are shown in the graph as an
average of fluorescence intensity £ SEM (n = 42 axons (No Axotomy), n = 42 axons
(Axotomy) and n = 46 axons (Axotomy + PERKIi); *** p<0.001, ** p<0.01 by Mann-
Whitney test). The levels of phosphorylated elF2a were significantly increased. Pre-
treatment of the DRG explants with PERK inhibitor significantly decreased the levels of P-
elF2a in response to axotomy. D, Exposure matched images of distal axons are shown for
the immunoreactivity to Calreticulin. E, Quantification of the integrated staining intensity of
Calreticulin in the cut end of the distal axons (ROl 30-50 um from severed tip) are shown in
the graph as an average of fluorescence intensity + SEM (n = 51 axons (No Axotomy), n =
44 axons (Axotomy) and n = 51 axons (Axotomy + PERKi). Comparison of the indicated
groups yield *** p<0.001 by Mann-Whitney test. The levels of Calreticulin were
significantly increased after 20 min of axotomy. Pre-treatment of the DRG explants with
PERK inhibitor significantly decreased the levels of Calreticulin in response to axotomy.
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Figure 3. Injury triggers axonal Calreticulin translation in response to injury through PERK

signaling.

A, Representative false colored axons showing time-lapse sequences from FRAP analyses of
DRG axons are shown 20 min after axotomy before bleaching (pre-bleach) and after
bleaching (post-bleach). B, The signals in the series are measured in a 30-50 pm ROI from
the axon tip (white arrow) toward the distal shaft of the cut axon remaining attached to the
soma. The quantified signals are normalized to pre-bleach levels and expressed as average
percent prebleach signals = SEM (n = 10 over at least 4 independent transfections).
Comparison of fluorescence signals of axotomized DRG neurons expressing 5’Calr-

Exp Neurol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pacheco et al.

Page 34

MyrGFP-3’Calr versus fluorescence signals of not axotomized neurons expressing 5°Calr-
MyrGFP-3’Calr yielded **p < 0.01, and ***p < 0.001 for time points shown in the graph.
Comparison of fluorescence signals of axotomized DRG neurons expressing 5’Calr-
MyrGFP-3’Calr versus axotomized neurons pretreated with cycloheximide and expressing
5’Calr-MyrGFP-3’Calr yielded T p < 0.05, tt p < 0.01, and 711 p < 0.001 for time points
shown in the graph. By two-way ANOVA compared to t = 0 min post-bleach. The translation
of 5’Calr-MyrGFP-3’Calr mRNA was upregulated at the end of the cut axons, remaining
attached to the soma in comparison with the non-injured distal axons. C, Representative
false colored axons showing time-lapse sequences from FRAP analyses of DRG neurons are
shown 20 min after axotomy before bleaching (pre-bleach) and after bleaching (post-bleach)
(see panels on A as an example of fluorescence recovery 20 min after axotomy with no drug
treatment). Pre-treatment with PERK inhibitor (GSK2606414, 800 nM) is indicated in the
corresponding panels. D, The signals in the series are measured in a 30-50 pm ROI from the
axon tip toward the distal shaft of the cut axon remaining attached to the soma. The
quantified signals are normalized to pre-bleach levels and are expressed as average percent
prebleach signals + SEM (n = 10 over at least 4 independent transfections). Comparison of
fluorescence signals of axotomized DRG neurons expressing 5’ Calr- MyrGFP-3’Calr versus
axotomized neurons pre-treated with PERK inhibitor and expressing 5’Calr- MyrGFP-3’Calr
yielded *p < 0.05, **p < 0.01 for time points shown in the graph. Comparison of
fluorescence signals of axotomized DRG neurons expressing 5’ Calr- MyrGFP-3’Calr versus
not axotomized neurons pre-treated with PERK inhibitor and expressing 5’Calr-
MyrGFP-3’Calr yielded 1 p < 0.05, Tt p<0.01, and 11 p <0.001 for time points shown in
the graph. By two-way ANOVA compared to t = 0 min post-bleach. The axonal recovery of
the signal was significantly decreased in axotomized-neurons pre-treated with GSK2606414
and the basal translation of 5’ Calr-MyrGFP-3’Calr mRNA in not axotomized neurons was
not affected for the treatment with PERK inhibitor (ns, P > 0.05) (compare Fig. 3B no
axotomy and Fig. 3D no axotomy + PERKi).
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Figure 4. Both Calreticulin 5’UTR and 3’'UTR mRNA elements are required for axonal
translation in response to injury.
A, Representative false colored axons from time-lapse sequences of FRAP analyses of DRG

neurons transfected with the indicated plasmid are shown 20 min after axotomy before and
after bleaching. B, The signals in the series are measured in a 30-50 um ROI from the axon
tip toward the distal shaft of the cut axon remaining attached to the soma. The quantified
signals are normalized to pre-bleach levels and are expressed as average percent prebleach
signals + SEM (n = 9 over at least 4 independent transfections). Comparison of fluorescence
signals of axotomized DRG neurons expressing 5’ Actb-MyrGFP-3’Calr versus not
axotomized DRG neurons expressing 5’ Actb- MyrGFP-3’Calr was overall no significant (P
> 0.05). By two-way ANOVA compared to t = 0 min post-bleach. Cut axons of DRG
neurons expressing and mRNA lacking of Calr 5’UTR were not able to trigger Calreticulin
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axonal translation in response to injury. C, Representative false colored axons from time-
lapse sequences of FRAP analyses of DRG neurons transfected with the indicated plasmid
are shown 20 min after axotomy before and after bleaching. D, The signals in the series are
measured in a 30-50 pum ROI from the axon tip toward the distal shaft of the cut axon
remaining attached to the soma. The quantified signals are normalized to pre-bleach levels
and are expressed as average percent prebleach signals + SEM (n = 12 over at least 4
independent transfections). Comparison of fluorescence signals of axotomized DRG neurons
expressing 5’ Calr-MyrGFP-3’"Hmgb1 versus not axotomized DRG neurons expressing
5’Calr-MyrGFP-3’Hmgb1 was overall no significant (P > 0.05). By two-way ANOVA
compared to t = 0 min post-bleach. Cut axons of DRG neurons expressing and mRNA
lacking of Calr 3’UTR were not able to trigger Calreticulin axonal translation in response to
injury.
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A, A western blot panel shows in the first row the decreased endogenous level of PERK 48 h

after transfection of F11 cells with the plasmid pSUPERShRNA-PERK-GFP. As a loading
control, total elF2a signal is shown in the second row. B, A western blot panel shows in the
first row the decreased endogenous level of exogenous recombinant proteins PERK ,,-BFP/
PPERK ,.rescue-BFP or pPERK x-BFP/ pPERK xp.rescue-BFP after co-transfection of
F11 cells with the plasmids pSUPERShRNA-PERK-GFP or pSUPERShRNA-nontarget-GFP.
As a loading control, p-actin signal is shown in the second row. C, Representative static
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images of DRG neurons co-expressing 5’Calr- Mymcherry-3’Calr (red signal) and sShRNA-
PERK (green signal) are shown 48 h post-transfection. Both mCherry (red, left panel) and
GFP (green, right panel) signals are observed in the cell bodies and in the axons of the
neurons. D, The signals in the series are measured in a 30-50 pm ROI from the axon tip
toward the distal shaft of the cut axon remaining attached to the soma. The quantified signals
are normalized to pre-bleach levels and are expressed as average percent prebleach signals £
SEM (n =10 over at least 4 independent transfections). Comparison of fluorescence signals
of neurons expressing 5’Calr- Mymcherry-3’Calr and the shRNA-nontarget versus LPA pre-
treated DRG neurons expressing 5’Calr- Mymcherry-3’Calr and the sShRNA-nontarget
yielded t p <0.05, T p<0.01, and T11 p < 0.001 for time points shown in the graph.
Comparison of fluorescence signals of LPA pre-treated DRG neurons expressing 5’Calr-
Mymmcherry-3’Calr and the shRNA-nontarget versus LPA pre-treated DRG neurons
expressing 5’Calr-Mymcherry-3’Calr and the ShRNA-PERK vyielded *p < 0.05, **p < 0.01
and ***p < 0.001 for time points shown in the graph. Comparison of fluorescence signals of
neurons expressing 5’Calr- Mymcherry-3’Calr and the shRNA-nontarget versus neurons
expressing 5’Calr-Myrmcherry-3’Calr and the ShARNA-PERK or versus LPA pre-treated
DRG neurons expressing 5’Calr- Mymcherry-3’Calr and the sShRNA-PERK were overall no
significant (P > 0.05). By two-way ANOVA compared to t = 0 min post-bleach. PERK
knockdown were not able to trigger axonal translation in response to LPA treatment. E,
Representative static images of DRG neurons co-expressing 5’ Calr-Mymcherry-3’Calr,
shRNA-PERK and PERK ,;or PERK xp proteins are shown at 48 h post-transfection in the
first and the second row respectively. mCherry (red signal, left panels), GFP (green signal,
middle panels) and BFP (blue signal, right panels) fluorescence is seen in the cell bodies and
in the axons of the neurons. F, The signals in the series are measured in a 30-50 um ROI
from the axon tip toward the distal shaft of the cut axon remaining attached to the soma. The
quantified signals are normalized to pre-bleach levels and are expressed as average percent
prebleach signals + SEM (n = 11 over at least 4 independent transfections). Comparison of
neurons co-expressing 5’Cal-Mymcherry-3’Cal, the sShRNA-PERK and the PERK .
versus LPA treated DRG neurons coexpressing 5’ Calr- Mymcherry-3’Calr, the ShRNA-
PERK and the PERK ., yielded *p < 0.05, **p < 0.01 and ***p < 0.001 for time points
shown in the graph. Comparison of LPA treated DRG neurons co-expressing 5’Calr-
Mymcherry-3’Calr, the ShRNA-PERK and the PERK 1 versus LPA treated neurons co-
expressing 5’Cal- Mymcherry-3’Cal, the ShRNA-PERK and the PERK k., yielded T p <
0.05, 1t p<0.01, and t11 p < 0.001 for time points shown in the graph. Comparison of
neurons co-expressing 5’Cal Mymcherry-3’Cal, the ShRNA-PERK and the PERK ., versus
LPA treated DRG neurons coexpressing 5’Calr-Mymcherry-3’Calr, the sShRNA-PERK and
the PERK kp.-was overall no significant (P > 0.05). By two-way ANOVA comparedtot=10
min post-bleach. Only those neurons expressing an active PERK were able to respond to
LPA-mediated translation in PERK knockdown neurons.

Exp Neurol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pacheco et al.

A post-bleach

pre-bleach 0 min 20 min

post-bleach

E post-bleach

0 min 20 min

Page 39

—u— 5'Calr-myGFP-3'Calr + LPA

50
g‘ —+— 5'Calr-myGFP-3'Calr+ LPA + Ani
3 404 —=— 5'Calr-myGFP-3'Hmgb1+ LPA
o
e Tt
X
3 304 r 1
c -
3 *
g 204
S
i 107 L g e
2 s X ~ =
C 1 T T T T T T T 1 T L} T ] T 1
0 2 4 6 8 10121416 18 20 22 24 26 28 30
Post-Bleach (min)
3'UTR
3'Calr (1315-1861)
— 3'Calr1315-1412
3'Calr1413-1780
50 = —%— 5'Calr-m:GFP-3'Calr1315-1412 + LPA
—+— 5'Calr-my‘GF P-3'Calr1413-1780 + LPA
40+ —=— 5'Calr-myGFP-3'Calr1315-1412 + LPA+ Ani
304 d -

% Fluorescence recovery

0

T T T T T T T T 1 T T T T T 1
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Post-Bleach (min)

—e— 5'Calr-myrmcherry-3'Calri31s-1412 + S51D
—u— 5'Calr-myrmcherry-3'Calr131s-1412 + S51A
—=— 5'Calr-myrmcherry-3'Calr1413-1780 + S51D
~—+— 5'Calr-myrmcherry-3'Calr1413-1780 + S51A

FH

1T T
—

% Fluorescence recover

oo ]

T T T T T T T T T T
0 2 4 6 810121416 18 20 22 24 26 28 30

Post-Bleach (min)

Figure 6. 5’UTR and 3’UTR elements are necessary for axonal translation of Calreticulin mMRNA

in response to elF2a phosphorylation.

A, Representative false colored axons showing time-lapse sequences from FRAP analyses of
DRG neurons transfected with the indicated plasmids are shown before and after bleaching.
The white boxed regions represent the regions subjected to photobleaching and the arrows
indicate the regions of the terminal axon where the recovery signal was quantified. B, The
signals in the series are measured in a 30-50 um ROI from the axon tip toward the distal
shaft of the cut axon remaining attached to the soma. The quantified signals are normalized
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to pre-bleach levels and are expressed as average percent prebleach signals £ SEM (n = 12
over at least 4 independent transfections). Comparison of DRG neurons treated with LPA
and expressing 5’ Calr- MyrGFP-3’Calr versus neurons treated with LPA + anisomycin and
expressing 5’Calr-MyrGFP-3’Calr yielded ***p < 0.001 for time points shown in the graph.
Comparison of DRG neurons treated with LPA and expressing 5’Calr- MyrGFP-3’Calr
versus neurons treated with LPA and expressing 5’Calr-MyrGFP-3’ Hmgbl yielded 11 p <
0.001 for time points shown in the graph. By two-way ANOVA compared to t = 0 min post-
bleach. C, Representative false colored axons showing time-lapse sequences from FRAP
analyses of DRG neurons transfected with the indicated plasmids are shown before and after
bleaching. The white boxed regions represent the regions subjected to photobleaching and
the arrows indicate the regions of the terminal axon where recovery was quantified. D, The
diagram above the graph shows schematically the regions of the rat Calreticulin 3’UTR that
were tested for axonal Calreticulin translation in the FRAP analysis. Based on previous data
(VMuppalanchi et al., 2010), either of the two regions highlighted in yellow suffice as the
minimum sequence sufficient to target the indicated mMRNAs into axons of cultured DRG
neuron. The signals in the series are measured in a 30-50 pm ROI from the axon tip toward
the distal shaft of the cut axon remaining attached to the soma. The quantified signals are
normalized to pre-bleach levels and are expressed as average percent prebleach signals +
SEM (n = 8 over at least 4 independent transfections). Comparison of DRG neurons treated
with LPA and expressing 5’Calr-MyrGFP-3’Calr315_1412 Versus neurons treated with LPA
and expressing 5’Calr-MyrGFP-3’Calri413-17g0 Yielded **p < 0.01, and ***p < 0.001 for
time points shown in the graph. Comparison of DRG neurons treated with LPA and
expressing 5’ Calr-MyrGFP-3’Calr315-1412 Versus neurons treated with LPA + anysomicin
expressing 5’ Calr- MyrGFP-3"Calrq315_1412 Yielded T p < 0.05, 1T p<0.01, and T p <
0.001 for time points shown in the graph. By two-way ANOVA compared to t = 0 min post-
bleach. E, Representative false colored axons showing time-lapse sequences from FRAP
analyses of DRG neurons transfected with the indicated plasmids are shown before and after
bleaching. The white boxed regions represent the regions subjected to photobleaching and
the arrows indicate the regions of the terminal axon where recovery was quantified. F, The
signals in the series are measured in a 30-50 um ROI from the axon tip toward the distal
shaft of the cut axon remaining attached to the soma. The quantified signals are normalized
to prebleach levels and are expressed as average percent prebleach signals + SEM (n = 15
over at least 4 independent transfections). Comparison of DRG neurons co-expressing
5’CalrMymcherry-3’Calri315-1412 and elF2a-S51D versus neurons co-expressing 5’Calr-
Mymcherry-3’Calry315-1412 and elF2a-S51A yielded *p < 0.05, **p < 0.01, and ***p <
0.001 for time points shown in the graph. Comparison of DRG neurons co-expressing
5’Calr-Mymcherry-3’Calry315-1412 and elF2a-S51D versus neurons co-expressing 5’Calr-
Myrmcherry-3’Calry413-17g0 and elF2a-S51D yielded 11 p < 0.01, and 11 p < 0.001.
Comparison of DRG neurons co-expressing 5’Calr- Mymcherry-3’Calr413-17g0 and elF2a-
S51D versus neurons co-expressing 5’Calr-Mymcherry-3’Calri413-17g0 and elF2a-S51A
yielded p < 0.05 (time points min 18-26), p< 0.01 (time point min 28). By two-way ANOVA
compared to t = 0 min post-bleach.
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Figure 7. Disruption of elF2a. phosphorylation signaling abolishes the regenerative response of
sensory neurons after axotomy.

A, DRG neurons were grown 24 h and pre-treated with PERK inhibitor (GSK2606414, 90
uM) 10-15 min before the axotomy. Representative images are shown before and right after
axotomy for PERKi and DMSO treated neurons. The inset panel shows a representative
image of a DRG neuron before axotomy (scale bar 50 um). B, The measurement of the
axonal position is represented in the graph every 5 min right after axotomy during the 2h
time-lapse imaging as an average of the relative distance from the axon tip to the cut site at
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each time point £ SEM (n = 12 per each experimental group over at least 4 independent
experiments; DMSO r2 = 0.4592, PERKIi r2 = 0.9401. Comparison of the regression curve
slope of DRG neurons treated with PERK:i versus the slope of the regression curve of
neurons treated with DMSO vyield *** P< 0.0001. The axons of DRG neurons treated with
PERK inhibitor retracted significantly from the cut site in comparison with the control
neurons pretreated with the vehicle. C, DRG neurons were grown 24 h and pre-treated with
the drug ISRIB (SML-0843, 300 nM) 10-15 min before axotomy. D, The measurement of
the axonal position is represented in the graph every 5 min right after axotomy during the 2h
time-lapse imaging as an average of the relative distance from the axon tip to the cut site at
each time point £ SEM (n = 12 for each experimental group over at least 4 independent
experiments; DMSO r2 = 0.5476, PERKi r2 = 0.9701. Comparison of the regression curve
slope of DRG neurons treated with ISRIB versus the slope of the regression curve of
neurons treated with DMSO yield *** P< 0.0001. The axons of DRG neurons treated with
ISRIB retracted significantly from the cut site in comparison with the control neurons pre-
treated with the vehicle. E, The measurement of the axonal position from DRG neurons
treated with both PERKI and ISRIB drugs are compared in the graph as an average of the
relative distance from the axon tip to the cut site at each time point £ SEM (n = 12 (PERKi);
n=12 (ISRIB) over at least 4 independent experiments; DMSO r2 = 0.9401, PERKi r2 =
0.9701). The differences between the slopes of both regression curves were not significantly
different (P>0.05).
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Figure 8. Calreticulin attenuates retraction of injured axons.
A, Western blot panel shows in the first row the knockdown of Calreticulin at 48 h after

transfection of F11 cells with the plasmid pSUPERshRNA-Calr-GFP. As a loading control,
total elF2a signal is shown in the second row. B, The western blot panel shows in the first
lane the decreased endogenous level of exogenous recombinant proteins mcherry-Calr/
mcherry-CalrRescue after co-transfection of F11 cells with the plasmids pSUPERShRNA-
Calr-GFP or pPSUPERsShRNA-nontarget-GFP. As a loading control, B-actin signal is shown
in the second row. C, Representative static images of DRG neurons expressing ShRNA-
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nontarget and shRNA-Calr (green panels, first row) or co-expressing ShRNA-PERK and
mcherry-CalrRescue (green and red panels, second row) are shown 48 h post-transfection.
Both mCherry and GFP signals are observed in the cell bodies and in the axons of the
neurons. D, Axonal length was measured as the longest axon per neuron by tracing the green
fluorescent signal of the axons in ImageJ softward (NIH) (Donnelly et al., 2011).
Quantification of the axonal growth of DRG neurons 48 h after transfection is represented in
the graph as the average of axonal length + SEM (n = 77 (shRNA-non-target), n = 188
(shRNA-Cal) and n = 89 (shRNA-Cal + CalrRescue)). Comparison of the indicated groups
yield ***p<0.001 by Mann-Whitney test). The axonal length of DRG neurons with
decreased endogenous Calreticulin levels was significantly reduced compared to the control
neurons. The axonal growth was rescued in DRG neurons co-expressing mcherry-
CalrRescue. E, The measurement of the axonal position of 48 h DRG cultures expressing
shRNA-CAL, shRNA nontarget or SARNA-CAL plus mcherry-CALrescue is represented in
the graph every 5 min right after axotomy during the 2h time-lapse imaging as an average of
the relative distance from the axon tip to the cut site at each time point £ SEM (n = 12 for
each experimental group over at least 4 independent experiments; shRNA-nontarget r2 =
0.7948, shRNACalr r2 = 0.9397, shRNA-Calr + CalrRescue r? = 0.6630. Comparison of the
regression curve slope of DRG neurons expressing sShRNA-Calr versus the slope of the
regression curve of neurons expressing shRNA-nontarget yield ***P< 0.0001. Comparison
of the regression curve slope of DRG neurons expressing ShRNA-Calr versus the regression
curve slope of neurons coexpressing ShRNA-Calr and CalrRescue yield ¥¥¥ P< 0.0001.
Comparison of the regression curve slope of DRG neurons expressing shRNA-nontarget
versus the slope of the regression curve of neurons coexpressing ShRNA-Calr and
CalrRescue yield t11 P< 0.0001. F, The measurement of the axonal position of 48 h DRG
cultures expressing a reporter GFP or an in frame GFP fused to the N-terminus of the rat
Calreticulin sequence localized in the axon (GFP-Calr-3’Actb) versus in the soma (GFP-
Calr-3’ACTG1) is represented in the graph every 5 min right after axotomy during the 2h
time-lapse imaging as an average of the relative distance from the axon tip to the cut site at
each time point + SEM (n = 10 for each experimental group over at least 4 independent
experiments; pGFP r2 = 0.4130, pCalr-3’Actb r? = 0.9660, pCalr-3° ACTG1 r2 = 0.6630.
Comparison of the regression curve slope of DRG neurons expressing GFP-Calr-3’Actb
versus the slope of the regression curve of neurons expressing GFP-Calr-3’ACTG1 yield
***P< (0.0001. Comparison of the regression curve slope of DRG neurons expressing GFP-
Calr-3’Actb versus the slope of the regression curve of neurons expressing GFP yield 117
P< 0.0001. Comparison of the regression curve slope of DRG neurons expressing GFP
versus the regression curve slope of neurons expressing GFP-Calr-3’ACTG1 was hot
significant (P>0.05). The axonal elongation of DRG neurons overexpressing the exogenous
Calreticulin in the axon (GFP-Calr-3’ Actb) was significantly increased compare to the
axonal response of DRG neurons overexpressing the exogenous Calreticulin in the soma
(GFP-Calr-3’ACTG1) or compared to neurons expressing GFP. However, the axonal
elongation of DRG neurons overexpressing GFP-Calr in the soma (GFP-Calr-3’ACTG1)
was not significant different compared to the neurons overexpressing GFP.
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