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Current knowledge regarding regulation of radial neuronahigration is mainly focused
on intracellular molecules. Our unbiased screen aimed at éti cation of non-cell

autonomous mechanisms involved in this process detected dferential expression of
Serpingl or C1 inhibitor, which is known to inhibit the initiation ofhe complement

cascade. The complement cascade is composed of three pathwags; the classical, lectin,
and the alternative pathway; the rst two are inhibited by Clinhibitor, and all three
converge at the level of C3. Knockdown or knockout ofSerpingl affected neuronal stem
cell proliferation and impaired neuronal migration in micé&knockdown of Serping1 by in

utero electroporation resulted in a migration delay of the eleaiporated cells as well as
their neighboring cells demonstrating a non-cell autonomis effect. Cellular polarity was
also affected. Most importantly, expression of protein comonents mimicking cleaved
C3 rescued the knockdown of Serpingl, indicating complement pathway functionality.
Furthermore, we propose that this activity is mediated maig via the complement peptide
Cbha receptors. Whereas addition of a selective C3a receptor gonist was minimally
effective, the addition of a dual C3aR/C5a receptor agonistigni cantly rescued Serpingl

knockdown-mediated neuronal migration defects. Our ndimgs suggest that modulating
Serpingllevels in the developing brain may affect the complement phtvay in a complex
way. Collectively, our ndings demonstrate an unorthodox ativity for the complement
pathway during brain development.

Keywords: Serpingl, C1 inhibitor, innate immune complement pat
proliferation

hway, neuronal migration, neuronal stem cell

INTRODUCTION

Deciphering what is the function of molecules expressed irdheloping brain is a daunting task.
Therefore, several years ago we embarked on an unbiasetiofuaicscreen aimed at detecting
molecules, which may a ect neuronal migration in a non-celt@momous way Greenman et al.,
2015. One of the dierentially expressed genes detected in thieest wasSerping1(Serpin
peptidase inhibitor, clade G, member 1) encoding for the Clkitbr protein. C1 inhibitor is a
member of the serpin family of protease inhibitors (reviewsadOmvis et al., 2008 Similar to
other serpin family protease inhibitors, the mechanism ofiloition requires a physical contact
between the inhibitor and a speci ¢ protease, followed by a aonftional change and formation
of a covalent bond between the inhibitor and the serine nesidhich is part of the protease active
site. C1 inhibitor has a key role in the complement pathway wliirghibits initiation proteases
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in either the classical pathway (Clr and C1s) or the lectins expressed in subventricular zone (SVZ) basal progenitors
pathway (MASP1 and MASP2p(esanis et al., 2003; Parej et al. (Kawaguchi et al., 2008In this study, we therefore set out to
2013. C1 inhibitor has additional important substrates that investigate the role of this interesting molecule in theeleping
include contact system proteases (factor XllI, plasma kailijy  cortex and how its function there relates to the complement
an intrinsic coagulation protease (factor XlI) and the brilyic ~ pathway.

proteases (plasmin, tissue plasminogen activator). However,
based on our recent studies demonstrating the expression a
function of the complement system in brain development ESULTS

(COU'thard et al., 2017; Gorelik et al., 2()),1the current Study Serplngl IS Expressed |n the Developlng
on the role ofSerpingin the developing brain has been focusedBrain

on its relationship within the complement pathway. In additio Serpinglwas detected in developing mouse brains (E14.5-

to protease inhibition, C1 inhibitor can physically bind and ; ) : . e
pr . . phy y E17.5) in an unbiased screen aimed at identifying molecules
functionally a ect the interaction between complement factor ;. T
which may a ect neuronal migration in a non-cell autonomous

C3b and complement factor B and thus to interfere also with

the alternative pathwayl{ang et al., 20Q1Additional functional way .(Greenman et al, 20)5The screen was designed to
. . . : . highlight changes between genes expressed in stalled calls th
interactions include di erent extracellular matrix componmies,

endothelial cells and leukocytes, gram negative endotaid acquire either a bipolar (followin@clk shRNA treatment) or a

several infectious agents (reviewedyvis et al., 2008 multipolar appearance (followin@clk shRNA treatment). The
S . . . results of the screen showed that the levelsSefpinglwere
C1 inhibitor has been associated with several diseas

Addition of C1 inhibitor has been shown to be neuroprotectiveezs'lo'mld higher inDclk ShRNA .VS'DCXShRNA' The di erences
in case of ischemic injuryi{e Simoni et al., 2004; Storini et al at the mRNA level were veried by realtime gPCR (59.6
" ! " 1.5% inDcx shRNA compared tdclk shRNA,n D 6, Student's

s kel that the neCroprotection s not mediaied solely iat 5% P D 00047, Supplementary Figure 14) and were also
y P y recapitulated at the protein level, with an elevation of 159.6

activity o G Inhibitor on (he complement paiway. EXPression s 20 in SERPINGL. protein iDclk shRNAreated brains
P P P P Y, gvs. Dcx shRNA-treated brainsn( D 5, Student's t-test,

C1_|nh|b|tor has also be_en d_emonstra_lted_m AIzhelmers 0.041, Supplementary Figure 1A). Following these results xte ne
which may re ect ongoing in ammation in the brains of the . . S ;
a1axam|ned8erp|ng]mRNA expression in the developing cortex

patients (Walker et al., 1995; Veerhuis et al., 1998; Yasojima et ar:, . " )
1999. It has been suggested that reduced levels of C1 inhibitourSlng real-ime gPCR (Supplementary Figure 1B). When the

may be a biomarker for Alzheimer's diseagéu( o et al., 2008; expression was normalized to that observed on E13.5, similar
Cut)ller ot al. 2008: Chiam et al.. 2015: Muenchho et al 2’01gevels were noted on E14.5, followed by an observed dedrease

expression on E16.5 and E18.5. RMsitu hybridization data
Morgan et al., 2007 . . ) .
De ciency of C1 inhibitor is a rare autosomal dominant from E14.5 brain section taken from (http://www.genepairg)o
demonstrated thaBerpingInRNA is expressed in the developing

disease known as Hereditary angioedema (HAE) with an . . .
estimated prevalence of 1:50,000, where about 25% of tﬁgrtex, where the highest expression levels are seen in the SV

patients exhibide novanutations Bowen et al., 20)0Patients as preV'OUSIY reportedi@waguchi et al_., 20@.8Hovyever, n
. . . ddition SerpingInRNA was expressed in the ventricular zone,
with HAE may experience recurrent edema of the skin and’

? : . : and lower levels of expression could also be observed in the
submucosal tissue associated with pain syndromes, nausea

vomiting, diarrhea, and life-threatening airway swelbndrisk g(f)rst:;craliEla]t;(?gggloenrlimagggl:;gtltﬁil szlmgg aanr(;gm;gin
of dying from airway obstruction if left untreated is sigeiant. ping=xp 99 g yp P

Additional symptoms may present as well and the manifestaztionneuronal stem cell proliferation.

and severity of HAE are highly variable. In this disease|dhe .

levels of active C1 inhibitor in the plasma leads to unreqadat S€rPINgl Affects Neuronal Stem Cell

activation of the complement and contact cascades and tHeroliferation

development of angioedema with its associated complication¥o investigate the role @erpingln regulation of neuronal stem
Complement system activation results in decreased levels oéll proliferation during mouse embryonic brain development
C4 and C2, while contact system activation results in clgavatwo models were used. In the rst, we knocked-down gene
of high molecular weight kininogen. Studies conducted in axpression using uteroelectroporation of an ShRNA expressing
mouse model for this disease revealed that both homozygoydasmid, and in the second we generated knockout embryos using
and heterozygous mice exhibit increased vascular pernigabil CRISPR/Cas9 gene editing technolo§al et al., 2013; Wang
in comparison with wild-type littermatesHan, 200). They et al., 201B (Supplementary Figures 2A,BjerpinglshRNA
have further shown that this phenotype is mediated through thes ectively reduced the levels 8erpingInRNA by 37.5 8.9%in
bradykinin type 2 receptor. comparison to control (QPCRyD 9, Student's t-testp 0.00012),

In contrast to its roles in innate immunity, very little iskavn ~ as well as SERPINGL1 protein in the developing brain (52.7
about the expression and functional activity 8érpinglin the  5.6% compared to contrah D 4,pD 0.0064). Neuronal stem cell
developing brain. A study examining single cell RNA expressioproliferation was tested by application of a short IdU pulse, which
in the E14 developing mouse brain revealed tt&rpingl is incorporated during S phase following by immunostaining
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of embryonic brain sections using the respective antibodiesvas a statistically signi cant di erence between the IdU/GFP
Embryos werén uteroelectroporated at E13 and analyzed at E14double positive cells, where the introduction®&rping shRNA
The analysis was targeted at the IdU/GFP positive cells, whigleduced the number of cells in S-phastydent's t-te21  2.2%
were likely to receive the respective shRNA plasmids. Thenrss. 145 1.4,n D 5, p D 0.037,Figures 1A,B. In addition,

>
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FIGURE 1 | Serping1 affects neuronal stem cell proliferation(A,B) Embryonic brains werein utero electroporated with control sShRNA orSerpingl shRNA at E13 and
at E14 were treated with 1dU for 30 min. The brains were cryoseéimned and immunostained with anti-ldU antibodies. GFP labed the electroporated cells. IMARIS
software was used to count the total GFP-positive cells andhe double GFP- and IdU-positive cells within slices of the samsize (230mm in length). Double-positive
cells are marked with white asterisks in the GFP panel. Thelegive proportion of double-positive cells to the total nurber of GFP-positive cells was calculatedR,
Student t-test, n D 5, *p < 0.05). (C,D) Brains of E13Serpingl KO and littermate WT were treated with IdU for 30 min. The brasgnwere cryosectioned and
immunostained with anti-ldU and anti-TBR2 antibodies. Theumber of IdU-positive, TBR2-positive, double positive, Idositive TBR2-negative cells was counted
(D) in identical areas of the cortices (20Gmm in length).Welch's t-test, n D 6, *p < 0.05, **p < 0.01. The scale bars are 5amm.
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embryos in whichSerpinglwas knocked out were generated.the position of the cells in three out of four bingigure 2D).
Brain sections were immunostained for IdU and also for TBR2Neuronal migration impairment was also detectedSerpingl
a basal progenitors marker, using the respective antibodidsrockout embryos in comparison with wild type litter-mates
(Figure 1Q. Similar to the trend observed in case $érpingl (Figures 2E,Fquanti ed in Figure 2G). Neurons were birth-
knockdown, a signi cant reduction in the number of IdU posié  dated with a uridine analog at E14.5 and their relative position
cells was noted3tudent's t-test, Welch-correcield 8 vs. 99 in the cortex was scored at E18. The distribution of neurons
2.7,n D 6, p D 0.0028, control anderpingIKO, respectively, along the width of the cortex signicantly diered in three
Figures 1C,D. Whereas, the total number of TBR2 positive cellout of ve bins (Figure 2G. Next, the identity of the stalled
did not di er between the wild-type and the knockout, there cells at E18 was examineBligures 2H-L). Although most of
was a clear di erence in the number of IdU/TBR2 positive cellsthe SerpinglshRNA treated cells have not reached the cortical
where less cells were double labeled in the KSudents t- plate (compare the GRP cells inFigure 21 vs.Figure 2H), the
test, 49 3.13 vs. 29 2.9,n D 5,6, respectivelyp D 0.0012, majority express the super cial layer marker CUX1 and not the
Figures 1C,D, thus suggesting that in th8erpingXKO there is deep layer marker TBRFigures 2J-I. In the postnatal brain
a reduction of intermediate progenitors at E14. In addititime  (at P8),SerpinghRNA treated cells did reach the cortical plate,
number of 1dU positive/TBR2 negative cells was also decreaseévertheless, even in low magni cations, it is possible teesize
in the SerpinglKO (Students t-test92.2 6.8,n D 5 vs. that their morphology di ers from that observed in the control
69.83 3.85,n D 6, p D 0.0154,Figures 1C,D. To check (Figures 2M,N.
whether the observed di erences resulted from alterationSi Next, the possibility thatSerpinglmay aect neuronal
phase duration, double labeling using two thymidine analogsnigration in a non-cell autonomous way in addition to the cell
was performed. Embryos weir utero electroporated at E13 autonomous e ect observed above was examinEgure 3.
with either control shRNA orSerpinglshRNA. On E14 the The experimental design included labeling and monitoring
cells were labeled with EdU for the duration of 2.5 h and thertwo distinct populations in the developing embryonic brain by
with 1dU for 0.5 h (Supplementary Figure 3). No signi cant consecutive electroporation. The rst population was treated
di erences in the proportion of EQU/GFP double positive cellswith shRNA (at day E13) and labeled with GFP. The position
(14.1 0.5% inSerpinglshRNA vs. 16.5 1.6% in controln  of the rst population re ected cell autonomous e ects. The
D 7, Sidak's multiple comparison test) or IdU/EdU/GFP triple second cell population was electroporated with a red uorescent
positive cells (7.8 0.8 vs. 10.6 0.6%,n D 7) thus suggesting protein only a day later (E14) and thus its behavior is presumed
that the cell cycle length was not a ected. The proportion ofto re ect non-cell autonomous e ects emanating from the
IdU/GFP double positive cells was reducedSarpinglshRNA  rst (green) population. We concluded that the eect of
consistent with previous experiments (17.41.2% vs. 23.5 Serpinglknockdown was both cell autonomous and non-cell
0.9,n D 7). In addition signi cantly more GFP only positive autonomous; it a ected the genetically modi ed cells as well
cells were noted in case 8érpinghRNA treatment, suggesting as the neighboring cells. Although in the control, later tor
that these cells were not actively in S-phase during the desteells (red) successfully migrated through the layer of pnasiip
period (76.3 1.1 vs. 70.6 1.5%,n D 7). Collectively, our born cells (green) treated with control shRNA&igures 3A-C
results suggest that knockdown or knockout@érpingTesults quanti cation in Figures 3AB), the migration of the red cell
in a reduction in the number of cycling cells of both ventriau  population through the green cell layer, which was treated with
zone (radial) and intermediate (basal) progenitors duringical ~ SerpinglshRNA, was markedly impaired-igures 3D—FD,E',
development. compareFigure 3BandFigure 3B'to Figure 3EandFigure 3E,

the correlation of the relative position of the red cells in B

. . . . . and E is -0.03). When the order was reversed, the later born
Serpingl Affects Radial Migration in a Cell Serpingknockdown cells did not impair the motility of earlier

Autonomous and Non-cell Autonomous born control green Figures 3G—|G' H' the correlation of the

Way relative position of the red cells in B and green cells in G is
The possible role oBerpinglin regulation of radial migration 0.92) or red positive cellsF{gures 3J-1J,K', the correlation
was investigated by knockdown of the gene usingutero of the relative position of the red cells iRigure 3B and red
electroporation ofSerpinglshRNA and by studying knockout cells inFigure 3Jis 0.76). The observed non-cell autonomous
embryos generated by CRISPR/Cas9 gene editBegpingl e ect was not due to residual, stab®erpinglshRNA in the
shRNA signicantly impaired radial neuronal migration cortex.SerpinglshRNA and GFP plasmids were injected into
(compare control in Figure 2A to Figure 2B), and this the cortex at E13 but not electroporated, a day later, a red
phenotype was partially rescued following the addition ofuorescent plasmid was injected and electroporated. No GFP
SerpinglshRNA-resistant form $erping®s) (Figure 20). The positive cells were noticed at E18 and no neuronal migration
position of the GFP positive cells was quanti ed in ve binsimpairment was noted Kigures 3aM-QM'N'). A non-cell
across the width of the cortex. A two-way ANOVA demonstratedautonomous e ect was also observed using a di erent approach.
that the number of cells in the di erent bins di ered betweengh The cells neighboringn utero E13 electroporated cells were
control andSerpingBhRNA in four out of ve bins Figure 2D).  labeled at E14 by a uridine analog, and their position in the
Addition of Serping't® restored the level of SERPING1 protein cortex was analyzed at E18. The relative distribution of the
to control levels (data not shown) and signi cantly improved IdU labeled cells in then utero electroporated side of the
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FIGURE 2 | Serping1 affects neuronal migration(A-D) Serpingl knockdown affects neuronal migration. Brains were electiporated in utero (E14-E18) with control
shRNA (A), Serpingl shRNA alone(B) or in combination with Serping1 resistant to the shRNA(C). (D) The position of GFRC neurons across the width of the cortex
was analyzed and is shown in 5 bins (from the VZ to the CP). Theatistical signi cance of comparison to control is shown in Volet. The statistical signi cance of
comparison to Serpingl shRNA is shown in orange. Two-way ANOVAn D 11, *p < 0.05, ***p < 0.0001. (E-G) Serpingl KO affects neuronal migration Serpingl
KO embryos (F) and littermate controls(E) were labeled with IdU on E13 and the position of IdU-positive neons was analyzed on E18 and is showr(G) in 5 bins
(from the VZ to the CP). Two-way ANOVAR D 12, *p < 0.05, ***p < 0.001. (H-L) The identity of electroporated cells. Slices of control shRA and Serpingl shRNA
were immunostained with anti-CUX1 (red) and anti-TBR1 (liggreen) antibodies.Serpingl shRNA arrested cells are shown in higher magni catiorfJ-L). (M—N)
Postnatal positioning and the identity of control andSerping1 knockdown cells. Brains electroporatedin utero on E14 with control ShRNA(M) or Serpingl shRNA (N)
were immunostained at postnatal day 8 (P8) with anti-CUX1€d) or anti-TBR1 (light-green) antibodies. The scale barge 100 nm.

brain diered signicantly from the relative distribution of ve bins showed signicant dierences Supplementary

of

ldu

labeled cells on the nomutero electroporated Figure 4C). Taken together, our data suggest that SERPING1

side of the brain (Supplementary Figure 4A-B) three ouparticipates in regulation of radial neuronal migration in
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FIGURE 3 | Non-cell autonomous effects ofSerpingl shRNA. (A—F) Serping1 shRNA exhibits non-cell autonomous effects. Brains were utero electroporated with
control shRNA(A-C) or Serpingl shRNA (D—F) together with GFP on E13, followed by electroporation with sRed on E14. The analysis was performed on E18.
GFP-positive neurons(A,D), dsRed-positive neurons(B,E), and merged images(C,F) are shown. The position of GFP-positive dsRed-negativéA',D') and
dsRed-positive GFP-negative(B',E") cells was analyzed. The distribution of the dsRed-positiv&FP-negative cells(E,E') demonstrates non-cell autonomous effect of
Serpingl shRNA (compare toB,B"). n D 6. (G—O) Controls of non-cell autonomous experiment(G-L) The population of the neurons can be easily segregated as
demonstrated by the inverse order of electroporation. Brais were electroporated with GFP on E13 and wittSerpingl shRNA with dsRed on E14(G-I), or vice versa
brains were electroporated with dsRed on E13 and wittSerpingl shRNA with GFP on E14(J-L). Cells treated with shRNA demonstrated impaired migratioH',K") .
In both conditions cells without shRNA had no defect in migraon G,G',J,J'). (M-O) Control experiment demonstrates that there is no left-oveof the plasmids in
between electroporations.Serping1l shRNA together with GFP were injected but not electroporate into the ventricle on E13. dsRed was electroporated on E140n
E18 there are no GFP-positive cell§M,M’) . The migration of dsRed-positive cells was not affectedN,N'). The scale bar is 100nmm.

a cell autonomous as well as in a non-cell autonomousreated cells also exhibited very long procesbasute 4C). The
fashion. length of the leading edge of individual cells was quanti ed
Closer inspection of the stalled cells revealed that theibéxh and the leading-edge length of eith8erpinglshRNA treated
long processes-{gures 4A,B. In addition, it appeared that wild- cells or of their red neighbors signicantly diered from
type cells that were in close vicinity to thH&erpinglshRNA the values of the controlsF{gure 4D). Therefore, western
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FIGURE 4 | Serpinglin uences neuronal morphology in a cell-autonomous and noreell autonomous way.(A-D). Brains werein utero electroporated with control
shRNA(A) or Serpingl shRNA (B) together with GFP (E14-E18). Representatives of individueells from the 1Z are shown(C). Brains werein utero electroporated with
Serpingl shRNA on E13 and with dsRed on E14. DsRed positive cells arréad in 1Z (E18) are shown. The length of the leading edge was meared on

high-magni cation 3D reconstruction images with ImageJ softvare. The lengths of the leading edges were compared betweethe conditions (D). One-way ANOVA,
Turkey HSD,n D 16, *p < 0.05, ***p < 0.0001. The scale bar is 10mm. (E,F) Brains werein utero electroporated with control shRNA orSerpingl shRNA together
with GFP (E14-E17). The electroporated areas were disseaeunder uorescent binocular. The dissected areas were lysednd western blotted using anti-MAP2,
anti-SERPING1 and anti-EMERIN antibodies. The levels of MARZre normalized to EMERIN. Levels of MAP2 relative to contr@ih %) are presentedF). n D 3,
Student t-test, **p < 0.01 (G-H). Golgi analysis inSerping1 knockdown compared to control. Control sShRNA orSerpingl shRNA electroporated brain sections
(E14-E18) were immunostained with Golgi marker antibodie@TR433). Immunostaining of the Golgi are presented togethevith GFP. White arrows show position of
Golgi. The scale bar is 10mm. Quanti cation of the number of Golgi clusters per cellr{ D 20, Student t-test) are shown(H) ***p < 0.001.

blot analyses were conducted using several antibodies. Mdsat initiation of the classical pathway (hence the origin okth
strikingly, the levels of MAP2 increased more than 2.5-folchame C1inhibitor). However, it also covalently binds andibits

in SerpinglshRNA brain lysatesH{gures 4E,F. No di erences the activity of the closely related MASP1 and MASP2 proteases,
were noted for phospho-DCX and phospho-ERK antibodieswhich initiate the lectin pathway. It can also physically bindlan
MAP2 (microtubule-associated protein 2) is a prominentfunctionally a ect the interaction between complement facto
microtubule associated protein expressed in the developinG3b and complement factor B, and thus to interfere also with
brain (Dinsmore and Solomon, 1991The increased levels of the alternative pathway(see schematic presentatidfigare 5).
MAP?2 are consistent with the observed morphological changesherefore, Serpinglor C1 inhibitor inhibits all the activation
Although the elongatederpinglshRNA treated cells appeared arms of complement. Complement activation will lead to an
to be bipolar, immunostaining with a Golgi marker that appearsincrease in the levels of cleaved C3, which can be detected by
as a packed cluster at the basal side of nucleus in the migratigntji-c3b antibodies. Brain lysates froferping’hRNA treated
bipolar control cells, revealed that the cells have not corellet and control treated were therefore analyzed by westernusioig

polarization. On average more than three Golgi clusters wergnti-C3b antibodiesKigure 64). Contrary to our expectations,
noted in the treated cells instead of one observed in comtetls 53 small yet signicant reduction in the levels of C3b were

(Figures 4G,H. noted Figure 6B). It was postulated that pathway activation

. may result in rescue of neuronal migration impairment and
Serpingl Is Part of the Complement we next queried the e ect of C3 mimicry cleavage products
Pathway (scheme inFigure 6C and either the single C3a receptor

Finally, we evaluated whether the developmental e ects ofC3aR), or the dual C3aR/C5a receptor (C5aR) agonists in
Serpinglwere due to its role within the complement pathway.combination with SerpinglshRNA. As previously observed,
Serpinglor Clinhibitor, participates in the three activation arms SerpinglshRNA impairs neuronal migrationKigures 6D,D).

of the complement system. It covalently binds and inhibite th When the C3a mimicry product was expressediterotogether
activity of the C1r and Cls serine proteases that are involvedith SerpinglshRNA no e ect was observed-igures 6E-E).
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FIGURE 5 | Schematic representation of the complement pathway(A) Three parallel arms of the complement pathway: the classi¢gathway, the lectin pathway, and
the alternative pathway converge on the level of the C3 thas icleaved by C3 convertase (C4bC2a in the classical and lectipathway, or C3-H20Bb in the alternative
pathway) into C3a anaphylotoxin and C3b. C3aR binds C3a. C3ls recruited to form C5 convertase, which processes inactie C5 into C5a anaphylotoxin and C5b.
C5aR binds C5a. All three pathways are regulated by Serpingdr C1 inhibitor. (B) Schematic representation of Serpingl cell-autonomous andon-cell autonomous
roles in migrating neurons. Serpingl is expressed and sected by neurons and inhibits complement pathway by direct irgraction with C1s, C1r, Masp1, and Masp2.
Serpingl functions in the extracellular matrix and in uenceboth the neuron it was secreted from and neighboring neuros.

The e ect of the addition of the downstream C3aR agoniststudy is the rst demonstrating a direct role for this gene
corroborated this nding, which minimally a ected the proper product in neuronal stem cell proliferation. Our previous stesli
position of migrating neuronsKigures 6F,F). Addition ofthe C3  showed that knockdown or knockout of other components of the
mimicry cleavage products C3b alpha or less e ectively C3b betgomplement pathway a ects neuronal stem cell proliferation in
signi cantly improved neuronal migration Kigures 6G—H),  di erent ways. Knockout of C3 increased the number of mitotic
suggesting that activation of C3 cleavage is required fop@ro jntermediate progenitors (phospho-Histone positive), whereas
neuronal migration. Furthermore, the addition of the dual xnockdown ofMasp1did not a ect the number of progenitors
C3aR/C5aR agoni_st completely restorgd neuronal positioning, g phase (IdU positive) and knockdown Masp2resulted in a
to control Ievels. 'F'Ql"es 61-1), supportlng that QOwnstream statistically signi cantincrease in the number labeledgeaitors
cqmplgment actlvgtlon at the level of C5§ is required for propeEIdU positive) Gorelik et al., 2017 These highly variable
migration of pyramidal neurons to the cortical plate. outcomes may suggest that within neuronal stem cell progesito
there is not a linear relationship between changes in the

DISCUSSION components of the complement pathway and neuronal stem cell
. . . proliferation. Alternatively, it is possible that the spatiwigoral

The Role of Serpingl in the Developing expression pattern in di erent subsets of neuronal progenitors

Cortex dictates the outcome of pathway modulation. Following exityir

Collectively our ndings suggest th&erpingXC1 inhibitor) is  the cell cycle, cortical neurons migrate along the procesie
important for cortical development at several stages. At earlgadial glia to reach the cortical plate. Knockdown or knockou
stages of cortical developme®erpinglis important for the of Serpingimpairs radial migration. The delay in reaching the
proliferation of neuronal stem cells. A decrease was noted inortical plate did not a ect cell identity, and the stalled cells
the number of cells in S phase that include both radial gli@xpress CUX1 similar to the control cells. Migration delay is
and intermediate progenitors. The e ect may be transient sinctransient and in the postnatal brain, the cells eventuallychea
the total number of TBR2 positive basal progenitors, cells wake cortical plate. Interestinglgerpingknockdown a ected not
not a ected. Serpinglhas been reported to be expressed inonly the manipulated cells but also their neighbors; thus it is
the SVZ basal progenitors<@waguchi et al., 2008yet our  working both in a cell autonomous and a non-cell autonomous
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FIGURE 6 | Serpinglin the complement pathway.(A,B) Levels of activated C3 (C3b) are slightly reduced in th&erpingl shRNA compared to control. Areas from the
brains electroporatedin utero on E14 with control or Serpingl shRNA were dissected on E17 and subjected to western blot anlgsis with anti-C3b antibodies,
anti-SERPING1 and anti-EMERIN antibodies. The levels of SERG1 and C3b were normalized to EMERIN and quanti edn(D 9). *p < 0.05. (C) Schematic
representation of C3. The proteolytic cleavage of C3 on aa 66and aa 749 results in C3a peptide and C3b, composed of two sulbinits: C3b beta and C3b alpha.
Three fragments mimicking the cleavage products of C3, all ith an N-terminal signal peptide (SP, green)D-I) Rescue of Serpingl shRNA migration phenotype with
C3 fragments and peptides, agonists of Complement recepts. Brains were electroporated (E14-E18) witlserpingl shRNA alone(D) or together with eitherC3a (E),
C3aR agonist(F), C3b alpha (G), C3b beta (H), or dual C3aR/C5aR agonist(l). The scale bar is 100mm. The distribution of neurons along the cortex in 5 bins is
shown (D'-I'). All conditions were compared toSerpingl shRNA. Two-way ANOVAN D 11, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

way. The cell autonomous and non-cell autonomous e ect wae ects may be of particular interest when considering the
noticed not only on the position of the cells in the developingpossibilities of somatic mutations in the developing braimeT
cerebral cortex, but was also seen in the cellular morpholdgy motion that somatic mutations play an important role in human
the neighboring cellsSerpingknockdown cells exhibited long disease has been widely accepted in case of cancer, in which
leading processes, which were also observed in near negghbagven genetic mutations usually require a second somatioohit t
These extended processes may be due to elevated levels ofittigate the development of tumorsHanahan and Weinberg,
microtubule-associated protein MAP2, which was detected bg00(. Furthermore, conceptual progress in the last decade
western blot analysis of brain lysates. The non-cell automgs  allows us to assimilate that participation in disease progoessi
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is not restricted to the very cells that are mutated, but alsd or C5a receptor 2 (C5L2). However, it has been previously
to the adjacent “healthy” tissue which changes its propertiedemonstrated that perturbations in C5a receptor 1 signaling
as a consequence of the presence of the mutated cells (reviduring rodent brain development can result in select neutona
Hanahan and Weinberg, 20).JEmerging evidence suggest thatdefects Benard et al., 2008; Denny et al., 2013; Coulthard
somatic mutations may also participate in brain diseasesdvwev et al., 201), possibly indicating a predominant role for this
Gleeson et al., 20DOPerhaps one of best-known examplesreceptor subtype in embryonic developmehis{vksworth et al.,
is DCX, an X-linked gene des Portes et al., 1998; Gleesor2019. Regardless, our study adds to the evidence for widespread
et al., 1998 in which mutations result in lissencephaly in malesroles for complement fragments C3a and C5a in development
and a “doublecortex” phenotype in females due to random X{Hawksworth et al., 2096
inactivation. On the other hand, somatic mutations in therea The complement system is indeed a complex pathway
gene in males result in the “doublecortex” phenotyggeeson with three “linear” arms that converge but also interconnect
et al., 200) Serpinghon-cell autonomous e ects then adds on at several point. We therefore cannot be con dent about
to another gene characterized from the same scisgnwhich  the exact regulatory mechanism and possible positive and
also exhibited non-cell autonomous e ectSieenman et al., negative feedback loops in whicBerpinglrelates to the
2015. pathway in the context of progenitor proliferation and neurdna
migration. In many respects, this process exhibits analogies

. . . . the previously described role of the complement pathway in
The Role of Serpingl in Migrating Neurons successful elimination of excess numbers of synapses, which
in Relation to the Complement Pathway is developmentally regulatedS{evens et al., 2007; Schafer
Our unbiased screen for molecules, which participate in nonet al., 201 Other components of the immune system, such
cell autonomous regulation of neuronal migration revealedas the major histocompatibility complex (MHC) and many
Serpingl as a molecule, which is di erentially expressed andthers, have been shown to play a role in the developing
allowed us to uncover an unexpected role of the innate immunérain (reviewsBoulanger and Shatz, 2004; Boulanger, 2009
complement pathway in the regulation of neuronal migrationFurthermore, the uniqueness and unexpected results fatigwi
(Gorelik et al., 2017 There may be several possible reasons &@erpingl knockdown may be due to additional activities o$ thi
for why this pathway has been recruited to function in a non-potent molecule beside the complement systéba\(s et al.,
cell autonomous fashion in the developing brain. The pathway00§, which should be investigated in the future.
consists of a cascade of proteases, coupled with many inherent
regulatory steps. Many of the pathway components are secret?\ﬂETHODS AND MATERIALS
or bound to the cell surface, ideal for cell-cell communicat
(reviewsWalport, 2001; Fuijita, 2002; Rutkowski et al., 2010Plasmids and Primers
Stephan et al., 20).2As opposed to cell destruction induced The following shRNA constructs were cloned into pSuper vector
by the complement pathway in response to pathogensifa, (Brummelkamp et al., 2002Dcx shRNAL (8 GCTCAAGTG
2009, this pathway has a vital role in migrating neurons. BasedACCACCAAGGCTAT) @ai et al., 2003DclkshRNAL (% GGT
on our data, we suggest that activation of the pathway mayCGATTCTAC AGAAAT) (Koizumi et al., 2006 The following
result in reshaping of cells, possibly via partial opsonizat@mn shRNA was purchased from OpenBiosystems (ThermoScienti c)
tagging of multipolar neurites, enabling the polarity traim  in pLKO.1 vectorSerpinghRNA (5 CCTGACGATGCCTCA
of neurons toward successful migration along radial gliar O TATAA). The control shRNA plasmid used is pLKO.1-TRC
experimental results also indicate that the developing busies  control (Addgene) containing non-hairpin 18 bp sequenc@ (5
components of the complement in a non-orthodox way, alCCGCAGGTATGCAACGCG).
knockdown of Serping1l did not trigger activation of the patjwa A plasmid containing the complete coding sequences of
However, the C3a peptide, or a C3a receptor agonist did ndberpingl(BC002026.1) was purchased from OpenBiosystems
rescue neuronal positioning following Serpingl shRNA mediate (ThermoScientic) and subcloned into pCAGGS plasmid.
knockdown. These results are dierent from those obtainedThis plasmid was used as a basis for creating shRNA
following knockdown ofMasp2, C3pr in C3 KO mice, where resistant plasmids. 4 mismatches with the shRNA sequence
either the single or the dual agonists rescued migrati®nrglik  were inserted in the original sequences by PCR using the
et al., 201y, C3a has been demonstrated to act as a chemdellowing primer: % AAGCTCGAGCTGTCCAAATTCCTG
attractant during collective cell migration of neural drezlls CCCACTTACCTACCA TGCCACACATAAAGT $erpinglL
(Carmona-Fontaine et al., 20Land enteric neural crest cells A plasmid containing the complete coding sequences
(Broders-Bondon et al., 20).6In case of inSerpinglshRNA of C3 (BC043338.1) was purchased from OpenBiosystems
treatments, fragments mimicking C3 cleavage (C3b beta an@hermoScientic). C3a was subcloned from the C3 plasmid
alpha) rescued the migration impairment neurons. Moreoverwith following primers: 8 ATATGGCTAGCTCAGTACAGT
our data indicate that signaling is likely to be also tranisedi TGATGGAAA and % ATAGCGGCCGCTCACCTGGCCAGG
through the complement C5a receptors, which when activatedCCAGCACG. C3b beta was subcloned from the C3 plasmid
completely rescued neuronal migration de cits observed inwith following primers: & ATATGGCTAGCATCCCCATGT
the case oSerpinglknockdown. It should be noted that this ATTCCATCATT and % ATAGCGGCCGCTCAGGCTGCT
study could not distinguish between a role for C5a receptoGGCTTGGTGCACTCC3b alphawas subcloned from th€3
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plasmid with following primers: 4 ATATGGCTAGCATCC In vitro transcribed Cas9 RNA(100 ng/ul), and sg RNA(50
CCATGTATTCCATCATT and 8 ATAGCGG CCGCTCAGT nglul), were injected into one cell fertilized embryos iseth
TGGGACAACCATAAAC. The C3 fragments were subclonedfrom superovulated CB6F1 hybrid mice mated with CB6F1
into the pCAGGS plasmid that contained C3 signal peptidenales Harlan Biotech Israel Ltd. (Rehovot, Israel). Injected
(5% ATGGGGGACCAGCTTCAGGGTCCCAGCTACTAGTGC embryos were transferred into the oviducts of pseudopregnant
TACTGCTGCTGTTGGCCAGCTCCCCATTAGCTCTGGGG). ICR females as previously describeffang et al., 2003 For

For Real-Time PCR o8erpinglthe following primers were migration analysis the pregnant mice were subjected to 1dU
used: 8 GCCCAATTCGATGACCATAC and & AAGTTG injection at E14.5 and sacri ced at E18. Genomic DNA from the
GTGCTTTGGGAACA; 8 GCCCAATTCGATGACCATAC treated embryos was analyzed for mutations in the mutateggen
and 5-AGTGGGGTTGAGAGCCTTTT; $—TTCCCTGAA using High Resolution Melt (HRM) analysis and con rmed by
AGAGATGACTCCTGGA and % CGTTGGCTACTTTAC Sanger sequencing. For the proliferation analysis the mare f
CCATGGTGTC; 8 TGGAGTCCCCCAGAGCCTACA and%  established mouse line were used. The genotype veri catien wa
GAGGAGGCTGGCAATGCTGA29rpsprimers were used as performed with the following primers:% TTCCCTGAAAGA
a reference: $ GTATTTGCGGATCAGACCGT and $ CTG GATGACTCCTGGA and 8 CGTTGGCTACTTTACCCATGG
AAGGCAAGATGGGTCA. TGTC.

For PCR of SerpinglcDNA the following primers were
used: 8 AGAGAGCTTCCCTGAAAGAGATG and 5- TGA IdU Injection

GGAGGCTGGCAATGCTGA. The thymidine analog iododeoxyuridine (IdU) was injected
) . intraperitoneally (0.01 ml of 5 mg/ml 1dU solution per gram bpd
Antibodies weight) into pregnant mice at the indicated time points.

Rabbit anti SERPING1/C1INH (Santa Cruz, H-300, 1:250),
rabbit anti EMERIN (Santa Cruz, FL-254, 1:1,000), mouse antEdU Labeling and Click Chemistry
MAP2 (Sigma-Aldrich, HM-2, 1:500), rat anti C3b antibodiesFor labeling cells in S phase, pregnant mice (E14) were injecte
(Hycult Biotech, 1:500, HM1065) were used for western bigtti - with (50 mg/gr body weight) 5-ethynyl%ieoxyuridine (EdU)
The following antibodies were used for immunostainings:solution and were scari ed 30 min post-injection. The brains
chicken anti TBR2 (Millipore, 1:100, AB15894), rabbit antivere removed and xed in 2.5% PFA-PBS overnight, washed
CUX1 (anti CDP, Santa Cruz, 1:100, SC-13024), chicken anihd cryoporotected by immersion in 30% sucrose-PBS solution.
TBR1 (Millipore, 1:100, AB2261), mouse anti 1dU-B44 (BDThe cryosections (1@nhm) were pretreated in boiling sodium
Biosciences, 1:200, 347580), chicken anti GFP (Abcan0):10 citrate bu er (10mM, pH 6) for 30min. The click reaction
Mouse CTR433 antibodies (1:5@smin et al., 1939a Golgi was performed with Cy3 azide (1) in the PBS-based
marker, was kindly provided by Dr. Michel Bornens (Institute pu er containing 100 mM Tris-HCI, 1 mM CuS@ and 100 mM

Curie, Paris, France). ascorbic acid. This reaction was followed by a click reactiith
. . a non- uorescent molecule (Phenylthiomethyl-Azide 20 mM,
Complement Agonist Peptides SIGMA). After treatment with 10 mM ascorbic acid and 4 mM

The selective C3aR agonist, WWGKKYRASKLGLAR (*supercysq, followed by incubation with 20 mM EDTA, the relevant
agonist"\Wu et al.,, 201§ and a C5aR agonist, YSFKPMPLaRmmunostainings were performed.

(“EP54”Woodru et al., 200) were synthesized as previously

described \(Vvoodru et al., 2001; Wu et al., 20)3It should be |n ytero Electroporation

noted that the C5aR agonist also activates C3aRlly et al., plasmids were transfected by utero electroporation using
2010 and thus is described herein as a dual C3aR/C5aR agonigteviously described methods4ito and Nakatsuji, 2001; Tabata
The agonists (Img/mg) were injected to the ventricles of the 4q Nakajima, 2001 Prior to surgery the animals were injected
embryos together with the indicated plasmids. with buprenorphine (2mg/Kg BW, subcutaneously). Pregnant
Animals ICR mice at E14.5 days post-gestation (E14), were anestthetize

imal | h . by injection of ketamine 10%/xylazine 20 mg/ml (1/10 mixture
Animal protocols were approved by the Weizmann Institute 7y per g of body weight, intraperitoneally), alternatively

IACUC and were carried out in accordance with their approvedISO uran anesthesia was used. The uterine horns were exposed,
guidelines. ICR mice were purchased from Harlan Iaboratoriesand plasmid mixed with Fast Green (@g/mi, Sigma) were

Male and female embryos were used in the study. microinjected through the uterus into the lateral ventésl

CRISPR/Cas9 Knockout Generation of embryos by pulled glass capillaries (Sutter Instrument,

Cas9 plasmid and plasmids encoding guide RNAs Werlélovato, CA). The concentration of plasmids was gl for

purchased from the University of Utah Mutation Generation Iab.pCAGGS'GFP’ arg/m for shRNA construct and 1-1.5ng

The following oligonucleotides were used for constructioh for OVerexpression plasmids. Electroporation was apcommilshe
gRNA vectors: by discharging ve 41mV 50ms long pulses with 950 ms

intervals, generated by a NepaGene electroporator. The pulses

1. Serpingl: % ACACCGGCTACACTGGTTGTTGGCCG were delivered using 10 mm diameter platinum plated tweezers
and ¥ AAAACGGCCAACAACCAGTGTAGCCG (location electrodes (Protech international Inc., San Antonio, TXaqgd
2:24847967-2484799D strand); at either side or the head of each through the uterus. Animals
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were sacriced 4 days after electroporation at E18.5 (E18)he data were presented in percentages out of total analyzed
Embryos with well-distinctive positive GFP signal in cortexcells per bin. FolFigure 1B an average of 135.6 8.3 (control
visible through uorescentbinocular were intracardigtigrfused shRNA) and 129 15.4 (Serpingl shRNA) GFP-positive cells
using 4% paraformaldehyde—phosphate bu ered saline (PFAwere analyzed per each slice. Fagure 2D an average of 490.8
PBS). Embryos with dotted, double hit or hit outside the eart 44.1 (control shRNA), 704 51.8 (Serpingl shRNA), and
were not included in the study. Brains were post- xed ovehtig 662.1  52.8 (Serpingl shRNACSerpinglres) GFP-positive
and sectioned (60mm; vibrotome, Leica). For examination of cells were analyzed per slice. Fagure 2Gan average of 249.5
long-term e ects of the treatment® utero electroporation was 12.4 (WT) and 259.5 13.6 (Serpingl KO) IdU-positive
performed at E14, the mice delivered and the pups of postnataklls were analyzed per slice. Feéigure 3 an average of 175.6
day 8 (P8) were used for the experiments. For proliferation 14.3 Eigure 3A), 180 12.5 Figure 3B), 267.6 37
experiments embryos weri utero electroporated on E13.5 (Figure 3D), 182 17.2 figure 3E), 174.6 19.5 Figure 3G),
(E13) with 7mm electrodes (39 mV pulses). IdU was injected37.1 11.5 figure 3H"), 111.7 9.3 (Figure 3J), 166 13.3

in 24 h after electroporation for 30 min. Post- xed brains wer (Figure 3K, 112 21 (Figure 3N) GFP- or dsRed-positive
cryopreserved in sucrose and cryosectionaf() were used for cells were analyzed per slice. For Supplementary Figure 4C
proliferation analysis. For double electroporation the msutero  an average of 275.1 24.5 (electroporated side) and 226.7
electroporation was performed at E13.5 with 7 mm electrode80.9 (non-electroporated side) cells were analyzed per slice.
(39mV pulses). The second electroporation was performed 24$tatistical analysis was performed by Student's or Wekth'sts

later as described above. or one-way or two-way analysis of variance (ANOVA) followed
. by Bonferroni multiple comparison analysis, using PRISM 7 for
Immunocytochemistry Mac (GraphPad software). Error bars represent standard error

Floating vibratome sections (8m) were permeabilized using For the measurement of leading edge length high resolution
0.1% Triton X-100 and blocked in blocking solution (PBS0.1 z-stack images were collected of the relevant slices. Thlgsis
Triton X-100, 10% HS; 10% FBS) for 60 min. Antibodies wergvas performed with the ImageJ program.

incubated in blocking solution over night at @. After washing,

appropriate secondary antibodies (Jackson ImmunoResearcReal-Time qRT-PCR

were diluted in blocking solution, and incubated for 2h abro  For con rmation of sShRNA e ciency neurospheres from E13.5
temperature. Slices were mounted onto glass slides using Aqwere grown in Neurobasal medium (Gibco) supplemented with
Polymount (Polysciences). For I1dU immunostainings (E18B27, glutamax, gentamicine, EGF (20 ng/ml), bFGF (20 ng/ml)
the brain slices were pretreated with HCI (30) followed byand heparin for 2 days. The cells were transfected by
neutralization with borate bu er. For IdU immunostaining&(3 NEPA21 electroporator (Nepagene) according to manufacsirer
and E14) the cryosections (ftn) were used. Antigen retrieval instructions. The cells were grown for additional 48h and
procedure was performed by boiling slides in sodium citratecollected for RNA isolation (TRI reagent, Sigma). After Dnase

bu er (10 mM, pH 6) for 30 min. treatment (Sigma), rst-strand cDNA synthesis was done gsin

) ) ) o M-MLV RT (Promega). Relative levels of Serpingl expression
Microscopy, Quanti cation, and Statistical were normalized to the 29rps gene. Real-time PCR with SYBR
Analyses FAST ABI gPCR kit (Kapa Biosystems) was performed using

Images were taken using confocal microscopy (LSM78&tepOnePlus Real-Time PCR System (Applied Biosystems). E13,
LSM800 Zeiss), equipped with Axio Observer Z1 microscopé;14, E16, E18 corticesy (D 6 for each time point) were
and imaged with either Plan-apochromat 20x/0.8, or Plandissected in cold PBS and fast-freeze in liquid nitrogen. RNA
apochromat 40x/1.2, or Plan-apochromat 63x/1.4 oil objestiv preparation and Real-time RT-PCR were performed as described
The scaling data are 0.624X0.6@% per pixel for 20X above.

magni cation, 0.312X0.318m per pixel for 40X magni cation,

and 0.198X0.198X0.5in per voxol for 60X magni cation. Western Blot

The images were processed by ZEN software and/or ImarBrains werein utero electroporated with control shRNA
software. or Serpingl shRNA together with GFP (E14-E17). The

Cell count, positioning and colocalization analyses weré&lectroporated areas were dissected under uorescent blanc
performed using Imaris software (Bitplane Inc., Zurich,The dissected areas were homogenized in lysis bu er (50 mM
Switzerland, Imaris core module). At least three brains ever Tris-HCI pH7.5; 150 mM NaCl; 1 mM EDTA; 1mM EGTA; 1%
analyzed for each treatment. Four representative sliceséach  Triton X-100) supplemented with protease inhibitor cocktail
brain were chosen for analysis. The size of the area of isttere(Sigma). Fifty microgram of total protein was mixed with SDS
was determined and preserved per each experiment. For eagAmple bu er, separated by SDS-PAGE and subjected to western
slice the area of interest was positioned so that the centtireof blot analysis with the indicated antibodies.
electroporated area is in the center of the area of interest. F
the cell count and positioning the relevant channel of an aka AUTHOR CONTRIBUTIONS
interest was analyzed with “Spots” module of Imaris, every spo
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