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Blood-brain barrier (BBB) injury critically exacerbates the poor prognosis of patients with subarachnoid hemor-
rhage (SAH). The massively increased matrix metalloproteinases 9 (MMP-9) plays a deleterious role in BBB. However,
the main source and mechanism of MMP-9 production after SAH remain unclear. We reported that the increased
MMP-9 was mainly derived from reactive astrocytes after SAH. Ndrg2 knockout in astrocytes inhibited MMP-9
expression after SAH and attenuated BBB damage. Astrocytic Ndrg2 knockout decreased the phosphorylation of
Smad2/3 and the transcription of MMP-9. Notably, cytoplasmic NDRG2 bound to the protein phosphatase PPM1A
and restricted the dephosphorylation of Smad2/3. Accordingly, TAT-QFNP12, a novel engineered peptide that
could block the NDRG2-PPM1A binding and reduce Smad2/3 dephosphorylation, decreased astrocytic MMP-9
production and BBB disruption after SAH. In conclusion, this study identified NDRG2-PPM1A signaling in reactive
astrocytes as a key switch for MMP-9 production and provided a novel therapeutic avenue for BBB protection

after SAH.

INTRODUCTION
Subarachnoid hemorrhage (SAH) is a devastating acute neurological
disease caused by the aneurysmal or traumatic rupture of cerebral
vessels, with 10 to 15% of patients dying before reaching the hospital,
and most of the survivors remain with lifelong neurological disabilities
(1, 2). Despite advances in medical and surgical treatments, diffuse
cerebral edema is still unable to be controlled effectively after SAH,
which is a major cause of neurological deficit exacerbation and poor
prognosis (3). Extensive blood-brain barrier (BBB) destruction is one
of the main causes of diffuse cerebral edema after SAH, which is
associated with the substantial increase of the matrix metallopro-
teinases (MMPs) in the brain. MMP-9 is the predominant type of
MMPs with degrading BBB matrix and cellular connection compo-
nents (4). MMP-9 is located in a variety of cellular components
within and around BBB after SAH, including neutrophils, endothe-
lial cells, and astrocytes (5-7). It has been reported that neutrophils
are the main cell source of MMP-9 in cerebral ischemia (8). However,
which peri-BBB cell types are the main source of MMP-9 is not clar-
ified in SAH. The existing MMP-9 inhibitors cannot inhibit MMP-9
expression against specific cell types (9, 10). It is of great concern to
elucidate cell types of MMP-9 that dominate BBB damage after SAH.
Astrocytes, surrounding the microvessel wall of BBB with their
endfeet, play crucial roles in BBB integrity (11). Astrocytes also se-
crete MMP-9 and aggravate BBB disruption under pathological
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conditions, such as traumatic and ischemic brain injury (12, 13).
However, it is not clear whether the astrocyte is the primary source
of MMP-9 after SAH. N-myc downstream-regulated gene 2 (Ndrg2)
is an astrocyte-specific gene and affects the regulation of apoptosis,
astrogliosis, and BBB integrity in astrocytes (14-16). Accumulating
evidence indicates that Ndrg2 is a stress-response gene whose expres-
sion is up-regulated in cerebral ischemia, trauma, and Alzheimer’s
disease (17-19). Ndrg2 knockout (KO) increases the expression of
MMP-9 and aggravates BBB damage in the early stage of cerebral
ischemia (17). It also has been reported that NDRG2 can up-regulate
the expression of MMP-9 in meningioma (20). The above studies
suggest that NDRG2 is involved in the production of MMP-9 in astro-
cytes. However, the exact role and the underlying regulatory mech-
anism of NDRG2 on MMP-9 are still unclear in astrocytes after SAH.

Here, we aim to identify whether (i) astrocytes are the primary
source of MMP-9 after SAH, (ii) NDRG?2 plays a specific role in
astrocytic MMP-9 production after SAH and its underlying mecha-
nism, and (iii) specific intervention of NDRG2 inhibits MMP-9 ex-
pression and alleviates BBB disruption after SAH.

RESULTS

MMP-9 was primarily derived from reactive astrocytes
peri-BBB in the early stage after SAH

Rapidly elevated MMP-9 seriously threatens BBB stability during
the early stage (0 to 7 days) after SAH by disrupting BBB-associated
cells, intercellular junctions, and extracellular matrix. Since multi-
ple cells can produce MMP-9 after SAH (4, 21), the primary source
of MMP-9 has not been clarified. We induced SAH in mice by middle
cerebral artery puncture and examined the location of MMP-9 in
different brain cell types by immunostaining at 6 hours, 1 day, 3 days,
and 7 days, respectively. MMP-9 was observed in infiltrating neu-
trophils in the cortical surface and parenchyma at the hyperacute phase
(6 hours) after SAH. MMP-9" neutrophils significantly decreased at
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1 day after SAH (fig. S1), which was consistent with the previous
reports (21-23). In the subsequent period (1 to 7 days), MMP-9
gradually emerged and spread from the top layer to the deep layer
of the cortex and was mainly expressed in GFAP* (glial fibrillary
acidic protein-positive) astrocytes (Fig. 1A), especially in reactive
astrocytes coupled with microvessels through the endfeet (Fig. 1A,
enlarged field 1). Meanwhile, the immunofluorescence intensity
analysis of MMP-9 in GFAP" astrocytes also gradually increased at
1 to 7 days and peaked at 3 days after SAH (Fig. 1E). In contrast to
the reactive astrocytes, the localization and expression level of MMP-9
were lower in microglia [IBA1" (ionized calcium binding adapter
molecule 1); Fig. 1, B and F], endothelial cells (CD31%; Fig. 1, C
and G), and neurons (NeuN"; Fig. 1, D and H) in the superficial cor-
tex from 1 to 7 days after SAH [the typical staining at 3 days after SAH
was shown in Fig. 1 (B to D, respectively)]. These results indicated
that the reactive astrocytes around BBB formed a more significant
and direct source of MMP-9 that destroyed BBB.

Furthermore, MMP-9 expression was time-dependently elevated
at 6 hours to 7 days after SAH along with the reactive astrocyte
markers GFAP and S100B expression (Fig. 1, I and J). Meanwhile,
Evans blue extravasation in brain tissue, indicating BBB disruption,
also showed a significant increase at the same stage (P < 0.05 and
P <0.01 at 6 hours to 7 days after SAH versus sham), similar to the
expression trend of MMP-9 (Fig. 1K). These results revealed that
MMP-9 expression was mainly located in perivascular reactive as-
trocytes of BBB and was associated with the astrocytic reactivity and
BBB integrity at 6 hours to 7 days after SAH. Since MMP-9 is main-
ly expressed in reactive astrocytes, can inhibition of the reactivity of
astrocytes after SAH reduce the expression of MMP-9?

Inhibition of reactive astrocytes reduced MMP-9 expression
by Ndrg2 knockout
NDRG?2 governs the stress response of astrocytes (24), which is re-
flected by the expression of astrocyte reactive markers GFAP and
S100B (14, 25). Immunostaining indicated that NDRG2 expression
was increased and located in the astrocytes at 3 days after SAH
(Fig. 2A). Moreover, NDRG2 expression was time-dependently ele-
vated at 1 to 7 days after SAH along with the astrocytic reactivity marker
GFAP (Fig. 2, B and C). Can NDRG2 inhibition suppress the reac-
tivity of astrocytes after SAH and thereby reduce MMP-9 production?
Ndrg2 astrocytic conditional KO (cKO) mice were generated by
crossing Ndrg2™" mice with Aldh111-cre mice. The Ndrg2-cKO line
was identified as GFAP"/NDRG2™ by immunofluorescence staining
(fig. S2). SAH model was performed in Ndrg2-cKO and wild-type
(WT) mice. There was no significant difference in SAH grade be-
tween Ndrg2-cKO and WT mice (fig. S3). Moreover, there was no
significant difference in the mortality between the two groups at 0
to 1 day after SAH, but the mortality of Ndrg2-cKO mice at 0 to
7 days after SAH was lower than that of WT mice (fig. S3). The
reactivity of astrocytes was traced for quantitative analysis by Image]
software combined with the plugins of Neuron] and Sholl analysis.
The representative reactive astrocytes in the frontal cortex labeled
by GFAP staining were traced into the outline and branch patterns
(Fig. 2D). SAH significantly increased the cellular perimeter (Fig. 2E)
and soma area (Fig. 2F) of astrocytes, which were decreased in
Ndrg2-cKO mice (Fig. 2, E and F). The dendritic branch count
(Fig. 2G) and total dendritic length (Fig. 2H) of reactive astrocytes
were significantly increased after SAH, while they were decreased in
Ndrg2-cKO mice (Fig. 2, G and H). The dendritic complexity of
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astrocytes was also analyzed by Sholl analysis. The significant in-
crease of total intersections on the entire dendritic arbors with the
series of Sholl circles (per 5-pm-radius increment from the soma)
after SAH in Ndrg2-W'T mice was partially inhibited in Ndrg2-cKO
mice (Fig. 2I). In addition, the peak intersection of WT astrocytes
appeared at 35 um in the sham group and 55 pm in the SAH group,
respectively (Fig. 2]). However, the peaks were narrowed at 25 um
in the sham group and 45 pm in the SAH group of Ndrg2-cKO
astrocytes.

In addition, immunostaining and analysis revealed that the ex-
pression of MMP-9 was significantly decreased in GFAP™ astrocytes
in Ndrg2-cKO mice both in sham and SAH conditions compared
with the Ndrg2-WT mice (Fig. 2, K and L). In addition, Western
blots also showed that the expression of NDRG2 and MMP-9 was
increased in the cortex of WT mice after SAH and heme-treated
WT astrocytes in vitro, while the expression of MMP-9 was signifi-
cantly decreased in Ndrg2-cKO mice and astrocytes (Fig. 2, M to P).
These results indicated that Ndrg2 KO inhibited astrocytic reactivity
and MMP-9 expression after SAH.

Ndrg2 knockout in astrocytes protected BBB integrity and
cerebrovascular function after SAH

To further investigate the effects of NDRG2 on BBB integrity, we
examined the expression of astrocytic laminin and microvascular tight
junctions in the frontal cortex after SAH. The outer membrane of
BBB was labeled with GFAP" and laminin 02" (astrocytic laminin)
staining (Fig. 3A), and immunofluorescence intensity analysis showed
that laminin a2 in astrocytes was decreased significantly in WT mice
after SAH, but not in cKO mice (Fig. 3B). Western blots revealed that
Ndrg2 deletion in astrocytes markedly attenuated laminin a2 ablation
after SAH (Fig. 3, Cand D), and the tight junction proteins occludin
and zona occludens protein 1 (ZO-1) were partially preserved in
Ndrg2-cKO mice after SAH (Fig. 3C). To measure BBB integrity, the
leakage of mouse immunoglobulin G (IgG) visualized at 488 nm was
measured by confocal microscopy (Fig. 3E). IgG leakage into brain
parenchyma was more evident in Ndrg2-WT mice after SAH, which
was significantly decreased in Ndrg2-cKO mice (Fig. 3F). Evans blue
staining and quantification revealed that SAH increased Evans blue
extravasation into the brain parenchyma (Fig. 3, G and H), which
was significantly decreased in Ndrg2-cKO mice (Fig. 3, G and H).
Ndrg2 KO also reduced cerebral edema after SAH compared to
Ndrg2-WT mice (Fig. 31). Furthermore, the neurological function
scores of Ndrg2-cKO mice after SAH were significantly higher than
that of Ndrg2-WT mice (Fig. 3]). Above all, these results suggested
that Ndrg2 KO mitigated the astrocytic laminin ablation and vascu-
lar tight junctions and protected BBB integrity and neurological func-
tion after SAH by inhibiting MMP-9 expression.

Cytoplasmic NDRG2 positively increased the level

of phosphorylated Smad2/3 to up-regulate the expression

of MMP-9 in astrocytes

Notably, we found that Ndrg2 KO inhibited MMP-9 expression at
the transcriptional level in the cortex after SAH (P < 0.01; Fig. 4A)
and in primary astrocytes after heme treatment (P < 0.001; Fig. 4B).
Previous studies demonstrated that NDRG2 could be transported
into the nucleus during ischemia and hypoxia, suggesting that NDRG2
may be involved in the regulation of gene transcription in the nucleus.
However, we did not find significant NDRG2 nuclear translocation
in astrocytes in vivo at 3 days after SAH (Fig. 4C) and in vitro at
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Fig. 1. MMP-9 was primarily sourced from the perivascular reactive astrocytes in the early stage after SAH. Inmunofluorescence staining (A to D) and intensity
analysis (E to H) of MMP-9 expression in astrocytes [(A) and (E), GFAP™], microglia [(B) and (F), IBA17], endothelial cells [(C) and (G), CD317], and neurons [(D) and (H), NeuN*]
respectively at 1, 3, and 7 days after SAH (n= 10 mice per group). Scale bars, 200 and 20 um (enlarged). (I and J) Western blot analysis of the MMP-9, GFAP, and S100B
expression at 6 hours, 1 day, 3 days, and 7 days after SAH (n =6 mice per group). (K) Evans blue extravasation analysis for BBB permeability, calculated as micrograms per
gram of brain tissue at 6 hours, 1 day, 3 days, and 7 days after SAH (n=10 mice per group). Results are expressed as means + SD. *P < 0.05, **P < 0.01, ***P <0.001,
##P <0.01,and &&P < 0.01; the indicated group versus the sham group. One-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test (E, J, and K) or

two-tailed unpaired Student'’s t test (F to H).

12 hours after heme treatment (Fig. 4D). This novel finding suggested
that NDRG2 did not undergo nuclear transfer in hemorrhagic stimu-
lation in contrast with ischemic or hypoxia conditions, which might
regulate MMP-9 transcription through indirect cytoplasmic signaling.
Many transcription factors had been indicated to regulate mRNA
expression of Mmp9 (26, 27). Among them, Smad2/3 showed the
highest transcriptional regulation score for Mmp9 (Fig. 4E) evaluated in
the Cistrome DB Toolkit database (http://dbtoolkit.cistrome.org).

Feng et al., Sci. Adv. 8, eabq2423 (2022) 30 September 2022

Smad2/3 has also been confirmed to play an important role in
mediating astrocyte activation or reactivity (28, 29) and to be re-
sponsible for the transcriptional regulation of Mmp9 (30, 31). The
chromatin immunoprecipitation sequencing (ChIP-seq; raw data
from GSM1782928) for Smad2/3 also showed that annotation peaks
binding to Smad2/3 were mainly located in the promoter of Mmp9,
and the top three motifs were shown in Fig. 4F. Moreover, ChIP-PCR
(polymerase chain reaction) was performed to confirm that Smad2/3
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Fig. 2. Ndrg2 astrocytic conditioned knockout inhibits astrocyte reactivity and reduces MMP-9 expression. (A) Immunohistological identification of NDRG2 and
GFAP at 3 days after SAH (n = 6). Scale bar, 50 um. (B and C) Western blot analysis of the NDRG2 and GFAP expression in the frontal cortex from 1 to 7 days after SAH (n = 8).
(D) Immunolabeling and morphological analysis of astrocytes in the frontal cortex of Ndrg2-WT and Ndrg2-cKO mice at 3 days after SAH (n =10 mice and n =30 cells per
group). Scale bars, 100 and 50 um (enlarged). (E) Cellular perimeter analysis of the astrocytes. (F) Soma area analysis of the astrocytes. (G) Dendritic branch count of the
astrocytes. (H) The sum dendritic length of the astrocytes. (I) The sum intersections of the astrocytes by Sholl analysis. (J) Variation trend of the intersections following
distance from center by Sholl analysis. (K and L) Immunofluorescence staining and statistical analysis of astrocytic MMP-9 expression in the cortex of Ndrg2-WT and Ndrg2-cKO
mice at 3 days after SAH (n =10 mice per group). Scale bar, 200 um. (M and N) Immunoblot analysis of NDRG2 and MMP-9 expression in the frontal cortex of Ndrg2-WT
and Ndrg2-cKO mice at 3 days after SAH (n =6 mice per group). (O and P) Immunoblot analysis of MMP-9 expression in Ndrg2-WT and Ndrg2-KO primary astrocytes
following heme treatment for 12 hours (n = 6). Results are expressed as means + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the sham group; ##P < 0.01 and
###P < 0.001 versus the indicated groups. One-way ANOVA followed by the Student-Newman-Keuls test (C) or two-way ANOVA followed by the Student-Newman-Keuls test
(Etol,L,N,and P).

could transcriptionally regulate MMP-9 expression in astrocytes,
and heme treatment significantly increased Smad2/3 enrichment in
the promoter of Mmp9 in Ndrg2-W'T astrocytes, but not in Ndrg2-KO
astrocytes (Fig. 4G). Western blots also showed that phosphorylation
of Smad2/3 was increased in Ndrg2-W'T mice after SAH and prima-
ry astrocytes after heme treatment, while it was inhibited in Ndrg2-
cKO mice and astrocytes, respectively (Fig. 4, H to J). Meanwhile,

Feng et al., Sci. Adv. 8, eabq2423 (2022) 30 September 2022

the temporal changes of MMP-9 expression were consistent with
Smad2/3 phosphorylation in Ndrg2-W'T and Ndrg2-cKO mice from
6 hours to 7 days after SAH (fig. S4). Conversely, the presence of
NDRG?2 did not affect mRNA and protein expression of MMP-9 in
Smad3 KO 293T cells with or without the treatment of heme (fig. S5,
A and B). Phosphorylated Smad2/3 (p-Smad2/3) is required to ini-
tiate the transcription of MMP-9 after transferring to the nucleus.
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Fig. 3. Astrocytic Ndrg2 deficiency exacerbates BBB disruption and brain edema after SAH. (A and B) Reconstruction of the cerebral microvasculature in the cortex
of mice labeled with GFAP and laminin 0.2 (astrocytic laminin) at 3 days after SAH (n = 8 mice per group). Scale bar, 100 um. (C and D) Western blots detecting the expression
of laminin a2, ZO-1, and occludin in the cortex of mice at 3 days after SAH (n = 6 mice per group). (E and F) Fluorescein isothiocyanate (FITC)-IgG staining and fluorescent
intensity analysis for BBB permeability in mice at 3 days after SAH (n =10 mice per group; scale bar, 200 um). (G and H) Evans blue staining and dye extravasation analysis
for BBB permeability in mice at 3 days after SAH (n = 12 mice per group). (I) Brain edema assessment of Ndrg2-WT and Ndrg2-cKO mice at 3 days after SAH by quantifying
the brain water content (n =16 mice per group). (J) Neurological function evaluation by modified Garcia score at 3 days after SAH (n =12 mice per group). Results are
expressed as means = SD. **P < 0.01, and ***P < 0.001 versus the sham group; #P < 0.05 and ##P < 0.01 versus the indicated groups. Two-way ANOVA followed by the

Student-Newman-Keuls test (B, D, F, and H to J).

However, unlike after ischemia, we demonstrated that NDRG?2 did
not enter the nucleus in astrocytes after hemorrhage.

Cytoplasmic NDRG2 directly bound to PPM1A and reduced
the dephosphorylation of Smad2/3 to increase MMP-9
expression in astrocytes

Smad?2/3 is phosphorylated in a transforming growth factor—f receptor
(TGF-BR)-dependent manner and then transported to the nucleus,
where it binds to DNA to initiate transcription of target genes (32-34).

Feng et al., Sci. Adv. 8, eabq2423 (2022) 30 September 2022

After the termination of transcription, Smad2/3 requires dephosphoryla-
tion to be exported from the nucleus. This process was demonstrated to
be dependent on dephosphorylating the SXS motif by a Smad-specific
protein phosphatase, Mg2+/Mn2+-dependent 1A (PPM1A) (35). Here,
PPMI1A, among the three families of protein serine/threonine phos-
phatases in mammalian cells, was confirmed to play a major role in the
dephosphorylation of Smad2/3 in astrocytes (Fig. 5A and fig. S6).
Whether NDRG2 activates Smad2/3 transcription by enhancing
TGF-BR-dependent phosphorylation or inhibiting PPM1A-dependent
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Fig. 4. NDRG2 governs the expression of MMP-9 in astrocytes by up-regulating the phosphorylation of Smad2/3. (A) mRNA expression of Mmp9 in the cortex of
Ndrg2-WT and Ndrg2-cKO mice at 3 days after SAH (n = 8). (B) mRNA expression of Mmp9 in Ndrg2-WT and Ndrg2-KO primary astrocytes following heme treatment for
12 hours (n =8). (C and D) Immunofluorescence staining revealing subcellular localization of NDRG2 in the cortex [scale bars, 200 and 20 um (C)] at 3 days after SAH (n=12)
and primary astrocytes [scale bar, 50 um (D)] following heme treatment for 12 hours (n = 8). (E) Transcriptional regulation score of transcriptional factors for Mmp9 in the
Cistrome DB Toolkit database. (F) Visualization of annotation peaks and motif analysis for Smad2/3, detected by ChIP-seq (GSM1782928). (G) ChIP-PCR showing the
changes of Smad2/3 binding to the promoter region of Mmp9 in primary astrocytes following heme treatment for 12 hours (n =5). (H) Western blot analysis of p-Smad2/3 in
the cortex of mice at 3 days after SAH (n =6 mice per group). (I) Western blot analysis of p-Smad2/3 in primary astrocytes following heme treatment for 12 hours (n=6).
(J) Immunostaining assay of p-Smad2/3 expression and location in primary astrocytes following heme treatment for 12 hours (n = 8). Scale bar, 20 um. Results are
expressed as means + SD. **P < 0.01 and ***P < 0.001 versus the sham group; ##P < 0.01 and ###P < 0.001 versus the indicated groups. Two-way ANOVA followed by the
Student-Newman-Keuls test (A, B,and G to I).

dephosphorylation needs to be judged. To this end, the mRNA levels
of Tgfvl and Tgfbrs (Tgfbrl, Tgfbr2, and Tgfvr3), the activated sig-
nals of Smad phosphorylation, were first determined not to be af-
fected by NDRG2 expression (fig. S7). Then, in the presence of the
TGF-BR type I/Il inhibitor LY2109761, TGF-B1 treatment (2 ng/ml,
1 hour) failed to increase the phosphorylation of Smad2/3 both in
WT and Ndrg2-KO cells (fig. S8). Thus, we confirmed that NDRG2
neither enhanced TGF-B1/TGF-BR1 signaling nor modulated Smad2/3
phosphorylation in a non-TGF-BR1-dependent pathway. We also
detected no difference in p-Smad2/3 levels between WT and Ndrg2-KO
astrocytes with TGF-p1 treatment after PPM1A was down-regulated
(fig. S9). These results suggested that NDRG2 enhanced the transcriptional
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activity of Smad2/3 after SAH by inhibiting the dephosphorylation
rather than increasing the phosphorylation of Smad2/3.

We then confirmed that there was no difference in PPM1A ex-
pression between Ndrg2-KO and Ndrg2-WT astrocytes with or without
heme treatment (Fig. 5B and fig. S10). PPM1A was distributed in
both the nucleus and cytoplasm of Ndrg2-W'T astrocytes under normal
and heme-treated conditions (Fig. 5C) but was almost completely
transferred into the nucleus of Ndrg2-KO astrocytes (Fig. 5D). This
result was also verified by the nuclear/cytoplasmic fractionation assay
(fig. S11). The dephosphorylation of Smad2/3 by PPM1A required
its nuclear localization and binding to Smad2/3, while NDRG2 did
not undergo nuclear transfer in astrocytes after SAH. How did NDRG2
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Fig. 5. NDRG2-PPM1A interaction reduces the dephosphorylation of p-Smad2/3 in astrocytes. (A) Western blots detecting p-Smad2/3 and Smad2/3 after over-
expression of Smad2/3, PPM1A, protein phosphatase 1 catalytic subunit alpha (PPP1CA), and dual specificity phosphatase 1 (DUSP1)in primary astrocytes following heme
treatment for 12 hours (n=6). (B) Western blots of PPM1A expression in Ndrg2-WT and Ndrg2-KO primary astrocytes following heme treatment for 12 hours (n =6). (C) Im-
munofluorescence staining of NDRG2 and PPM1A expression in astrocytes with heme treatment for 12 hours (n = 10). Scale bar, 10 um. (D) Immunofluorescence staining
of PPM1A in Ndrg2-KO primary astrocytes following heme treatment for 12 hours (n = 10). Scale bar, 10 um. (E) Immunoblot (IB) analysis of PPM1A coimmunoprecipitation
(co-IP) with NDRG2 in primary astrocytes (n =6). (F) IB analysis of PPM1A co-IP with NDRG2 and Smad2/3in primary astrocytes following heme treatment for 12 hours
(n=6). (G) Immunofluorescence staining revealing Smad2/3 and PPM1A location in primary astrocytes (n=10). Scale bar, 10 um. (H) Molecular docking of NDRG2 and
PPM1A combination. (I) Co-IP assay of Flag-NDRG2 interaction with full-length, 302 to 313-amino acid or 364 to 366-amino acid deletion mutant of PPM1A by cotrans-
fection in astrocytes (n=6). (J) Co-IP assay of hemagglutinin (HA)-PPM1A interaction with and full-length, 111 to 114-amino acid or 221 to 228-amino acid deletion
mutant of NDRG2 by cotransfection in astrocytes (n =6).

affect the phosphorylation levels of Smad2/3 through PPM1A?
NDRG2 was increased significantly in astrocytes after heme treat-
ment (Fig. 5C). Nevertheless, NDRG2 mostly remained in the cyto-
plasm of astrocytes (Fig. 5C). Moreover, NDRG2 was found to be
colocated with and bound to PPM1A (Fig. 5, C and E), and the
colocalization and the interaction of NDRG2 and PPM1A were in-
creased after heme treatment (Fig. 5, C, E, and F, and fig. S12, A and
B). These results suggested that NDRG2 might influence the entry
of PPM1A into the nucleus by binding with PPMI1A in the cytoplasm.
The nuclear PPMIA was highly colocated and bound to Smad2/3
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(Fig. 5, F and G) and then dephosphorylated p-Smad2/3 in the nu-
cleus. Note that the ratio of PPM1A binding to Smad2/3 in Ndrg2-WT
astrocytes was lower than that in Ndrg2-KO astrocytes (Fig. 5, F and
G), which also explained the higher level of p-Smad2/3 in WT cells
in Fig. 41. Combined with the above findings, the speculation was
implied that NDRG2 reduced the dephosphorylation of Smad2/3
by interacting with PPM1A in the cytoplasm and limiting the nuclear
translocation of PPM1A and its binding to Smad2/3, thus maintain-
ing the phosphorylation level of Smad2/3 and the transcriptional
activity on MMP-9 in the nucleus.
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To confirm the possible structural and functional interaction re-
gions between NDRG2 and PPM1A, their binding effects were ex-
amined by molecular docking and coimmunoprecipitation (co-IP)
assay (Fig. 5, H to J). On the basis of the computer-aided molecular
docking, two potential interaction regions (NDRG2 111 to 114 amino
acids/PPM1A 364 to 366 amino acids; NDRG2 221 to 228 amino
acids/PPM1A 302 to 313 amino acids) between NDRG2 and PPM1A
were found (Fig. 5H). Wild and truncated plasmids were then con-
structed according to these structures to identify the key domain of
NDRG2-PPMIA interaction. Co-IP experiments further demonstrated
that the truncation at the 302- to 313-amino acid domain of PPM1A
protein significantly reduced its binding to NDRG2 (Fig. 51 and fig.
S12C), while the truncation at the 111 to 114-amino acid and 221 to
228-amino acid domains of NDRG2 also weakened its binding to
PPM1A (Fig. 5] and fig. S12D). These results indicated that PPM1A
interacted with NDRG2 mainly via its 302 to 313-amino acid domain,
and NDRG2 could bind to PPM1A via both its 111 to 114-amino
acid and 221 to 228-amino acid domains. This suggested that the
302 to 313-amino acid domain of PPM1A served as a key struc-
ture for targeting NDRG2. Together, NDRG2 reduced the dephos-
phorylation of Smad2/3 by binding to PPM1A’s 302 to 313—-amino
acid domain in the cytoplasm, thus suppressing the nuclear translo-
calization of PPM1A to interact with Smad2/3 in the nucleus. In this
way, NDRG2 enhanced the phosphorylation level of Smad2/3 and
thereby increased MMP-9 expression.

A novel peptide TAT-QFNP12 disrupting NDRG2-PPM1A
interaction mitigated BBB destruction after SAH by
inhibiting MMP-9 expression

On the basis of our novel findings of the NDRG2 and PPM1A bind-
ing domains, we designed a new peptide QFNP12, which mimicked
the PPM1A 302 to 313-amino acid domain (VKKEAELDKYLE), to
competitively bind to NDRG2 and release PPM1A to perform its
dephosphorylation function (Fig. 6A). In primary astrocytes, QFNP12
treatment inhibited phosphorylation of Smad2/3 and MMP-9 expres-
sion after heme treatment in a concentration-dependent manner
(fig. S13). In addition, QFNP12 (100 uM) significantly blocked the
binding of NDRG2 and PPM1A and increased the interaction be-
tween PPM1A and Smad2/3 (Fig. 6B and fig. S14A). In addition, the
results of Western blots showed that QFNP12 treatment largely
decreased the MMP-9 expression and Smad2/3 phosphorylation follow-
ing heme treatment (Fig. 6C and fig. S14, B and C). However, the cell
membrane permeability of QFNP12 was low (fig. S15). The QFNP12
peptide was then modified with an additional transcriptional transacti-
vator (TAT) transmembrane functional domain (YGRKKRRQRRR)
to improve the cell membrane penetration ability, forming the
TAT-QFNP12 (YGRKKRRQRRR-VKKEAELDKYLE) peptide. In
primary astrocytes, fluorescence-labeled TAT-QFNP12 had higher
cellular membrane permeability than the QFNP12 peptide (fig. S15).
Fluorescent labels were used to observe the efficient BBB permeability
and wide distribution of the TAT-QFNP12 peptides injected through
the tail vein of mice without SAH (Fig. 6D). The MMP-9 expression
and Smad2/3 phosphorylation were dose-dependent inhibited by
TAT-QFNP12 injection for 3 days in vivo (Fig. 6E and fig. S16, A and
B). Furthermore, TAT-QFNP12 treatment [20 mg/kg, tail vein injec-
tion, once a day] in SAH mice significantly reduced the Evans blue
(Fig. 6, F and H) and IgG extravasation (Fig. 6, G and I) into brain
parenchyma after SAH. Brain edema (Fig. 6]) and neurological deficits
(Fig. 6K) were also alleviated after treatment with TAT-QFNP12 in
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SAH mice. These results revealed that the novel peptide could exert
protection on the integrity of BBB after SAH and thereby alleviate
secondary nerve injury by specifically inhibiting astrocytic MMP-9
expression (as shown in the schematic diagram of Fig. 7). The 302- to
313-amino acid domain of PPM1A protein sequences is of high
homology in rodents and human (fig. S17), which provides a potential
for clinical trials of SAH treatment with TAT-QFNP12 in the future.
To further develop TAT-QFNP12 as a SAH therapeutic, the safety
profile of TAT-QFNP12 was necessary. TAT-QFNP12 was injected
into mice at a dose of 20 or 100 mg/kg daily for seven consecutive
days. The mice showed no behavioral evidence of toxicity after this
treatment. Furthermore, no elevation of any liver transaminases or
biomarkers of renal dysfunction was observed (fig. S18). Hematoxylin
and eosin (H&E) staining (fig. S19) showed that no cerebral, cardiac,
hepatocellular, renal, or pulmonic cellular damage was observed,
suggesting that TAT-QFNP12 induced little toxicity in mice.

DISCUSSION

BBB destruction is one of the leading causes of secondary brain
injury. As the most important factor in BBB damage, MMP-9 has
been developed as a novel target for cerebral vascular injury disease
(36, 37). However, it remains controversial regarding the MMP-9
intervention strategies in both animal and clinical trials. The major
problem is to precisely control the expression and activity of MMP-9
after disease onset so as to avoid unnecessary side effects or even
aggravation of injury caused by delayed treatments beyond the
therapeutic window and off-target tissues or cell types (38). In sum-
mary, our study provides the following novel findings: (i) The eval-
uated MMP-9 is mainly derived from reactive astrocytes at 1 to 7 days
after SAH. (ii) NDRG2 indirectly regulates the nuclear transcription
of MMP-9 in the cytoplasm, rather than in the nuclear, and increases
MMP-9 production. (iii) NDRG2 inhibits the dephosphorylation of
p-Smad2/3 by PPM1A through binding to PPM1A in the cytoplasm
and decreasing the nuclear transfer of PPM1A, thereby indirectly
increases the phosphorylation level of Smad2/3, and promotes the
transcription and expression of MMP-9; (iv) Engineering synthetic
peptide promotes the dephosphorylation of p-Smad2/3 by com-
petitively blocking NDRG2-PPMI1A binding in reactive astrocytes
at 1 to 7 days after SAH, thus inhibiting the expression of MMP-9 in
reactive astrocytes and reducing BBB injury.

The destruction of BBB is attributed mainly to the increased MMPs
produced after stroke, especially MMP-9, which can not only degrade
the neurovascular matrix but also injure BBB-related cells and inter-
cellular connexins (39, 40). A variety of cells have been reported to
produce MMP-9 after stroke, including the infiltrated leukocytes and
cerebral endothelial cells, astrocytes, microglia/macrophages, neu-
rons, etc. (41, 42). However, there is no consistent conclusion on
which cell type plays a major role in BBB destruction after stroke.
The source of MMP-9 after stroke is temporally and spatially local-
ized. Zhao et al. (43) demonstrated that MMP-9 was mainly derived
from endothelial cells in the central ischemic area within 24 hours
in the acute phase after cerebral ischemia and then gradually appeared
mainly in astrocytes and neurons in the peri-infarct cortex at 7 to
14 days. Therefore, in the subacute phase at 1 to 7 days after stroke,
there was a theoretical process of MMP-9 shifting from the central
endothelial cells to the peripheral astrocytes in the neurovascular
units. This is also in line with the reports that MMP-9 appears in
astrocytes, microglia, and neurons around ischemia at 1 to 3 days
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Fig. 6. Disruption of NDRG2-PPM1A interaction attenuates BBB destruction after SAH by reducing MMP-9 expression. (A) Construction of a novel peptide QFNP12
targeting the NDRG2-PPM1A interaction domain. (B) Co-IP analysis of PPM1A binding to NDRG2 in astrocytes following heme and QFNP12 treatment (100 uM, 12 hours;
Con: treated with phosphate-buffered saline; n = 6). (C) Western blots of MMP-9, p-Smad2/3, and Smad2/3 expression in primary astrocytes following heme and QFNP12
treatment (n =6). (D) Immunofluorescence image of TAT-QFNP12 with FITC-tag (pseudo-color as purple) in mouse brain after tail vein injection without SAH. Scale bar,
1 mm. (E) Western blots of MMP-9, Smad2/3, and p-Smad2/3 expression in the frontal cortex at 3 days after SAH following TAT-QFNP12 treatment in a concentration-
dependent manner (TATpp, TAT peptide; n=6). (F and H) Evans blue staining (pseudo-color as purple) and dye extravasation analysis for BBB permeability in mice brain
at 3 days after SAH following TAT-QFNP12 treatment (20 mg/kg; n=12 mice per group). Scale bar,1 mm. (G and I) Immunofluorescence staining and analysis of IgG
leakage in the frontal cortex at 3 days after SAH following TAT-QFNP12 treatment (n = 8 mice per group). Scale bar, 200 um. (J) Brain water content of mice at 3 days after
SAH following TAT-QFNP12 injection (n= 12 mice per group). (K) Modified Garcia score evaluating the neurological function of mice at 3 days after SAH following TAT-QFNP12
injection (n =10 mice per group). Results are expressed as means + SD. **P < 0.01 versus the sham group; #P < 0.05 and ##P < 0.01 versus the indicated groups. One-way
ANOVA followed by the Student-Newman-Keuls test (H to K).

after stroke and destroys BBB continuously (44). However, in hemor-
rhagic stroke studies represented by SAH, we found that MMP-9
was mainly derived from cortical astrocytes at 1 to 7 days after SAH,
while it was rarely found in other cells where the staining was weaker.
This difference can be explained by the pathological mechanism of
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SAH injury. Different from cerebral ischemia, blood components
directly damage the astrocytes and their endfeet around BBB right
after SAH and gradually damage the endothelial cells of BBB from
the outside to the inside. Astrocytes, around BBB through their endfeet,
are the main cell type to produce MMP-9 rapidly after hemorrhagic
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Fig. 7. A graphic conclusion. NDRG2-PPM1A interaction in astrocytes after SAH promoted MMP-9 expression by enhancing Smad2/3 phosphorylation in the nucleus,
thereby aggravating BBB disruption (left), and the targeted peptide TAT-QFNP12 inhibited MMP-9 production and alleviated BBB injury after SAH by blocking NDRG2-PPM1A

binding (right).

stimulation. This difference in the conduction process of BBB injury
may be the reason for the different origins of MMP-9 after ischemic
stroke and SAH. Therefore, we identified astrocytes as the primary
source of MMP-9 at 1 to 7 days after SAH, while MMP-9 was grad-
ually mainly derived from the peri-infarct astrocytes at 7 to 14 days
after ischemic stroke.

The next that should be noted is the mechanism behind the rapid
production of MMP-9 in hemorrhage-stimulated astrocytes. Ndrg2
has been proved to be a stress response gene in astrocytes, which can
regulate the activation and stabilize the morphology of astrocytes
(14). In this study, we conducted a detailed quantitative analysis of
the effect of NDRG2 on the morphological plasticity of astrocytes
and confirmed that Ndrg2-KO inhibited the morphological reactivity
of astrocytes after SAH in terms of the cell body area, process length,
and branch complexity. To determine the effect of reactive astro-
cytes on BBB integrity after SAH, we used astrocyte-specific Ndrg2
KO mice in this study and confirmed that MMP-9 expression in astro-
cytes was inhibited, and BBB destruction and secondary cerebral
edema were reduced after SAH, which was contrary to the previous
studies in ischemia stroke (45, 46). We hypothesized that it might
be related to the different response patterns of NDRG?2 to different
stress stimuli in stroke. NDRG2 could enter the nucleus of astro-
cytes after ischemia and hypoxia, and a fragment in NDRG2 protein
(101 to 178 amino acids) was responsible for its nuclear transloca-
tion. However, nuclear translocation of NDRG2 has not been explicitly
reported under hemorrhagic stimulation. Our previous study con-
firmed that NDRG2 was largely located in the cytoplasm after intra-
cerebral hemorrhage and affected the transcriptional function of
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nuclear factor kB through protein binding (47). In this study, we also
observed that no significant nuclear transfer of NDRG2 occurred after
heme stimulation, but MMP-9 transcription was still up-regulated.
This suggested that NDRG2 might not directly enter the nucleus to
participate in the transcriptional regulation of MMP-9 after hemor-
rhagic stimulation. Instead, it possibly worked by affecting the tran-
scriptional signal transmission of MMP-9 in the cytoplasm.

As a key transcription factor of MMP-9, Smad2/3 has been shown
to be highly active after stroke, participating in the regulation of
astrocyte reactivity and perivascular differentiation and pointing to
an important role in BBB regulation (29, 48). We first verified the
transcriptional enhancement of Smad2/3 on MMP-9 by hemorrhage
stimulation in astrocytes. The transcriptional activity of Smad2/3 can
be terminated by dephosphorylation of multiple phosphatases (35).
Of the three most important phosphatases, we identified that PPM1A
exerted the most significant effect on dephosphorylating p-Smad2/3
in astrocytes, which was consistent with the study of Lin et al. (35).
However, Ndrg2 KO did not affect the expression of PPM1A. It was
observed that NDRG2 bound to PPMI1A in the cytoplasm and re-
stricted PPM1A from entering the nucleus after hemorrhage, while
PPM1A’s entry into the nucleus and binding to Smad2/3 were sig-
nificantly increased after Ndrg2 KO. This further led to high levels of
p-Smad2/3 in Ndrg2-W'T astrocytes, but very low levels in Ndrg2-KO
cells. This suggested that increased NDRG2 after hemorrhage stimula-
tion could bind to phosphatase PPM1A and restrict its entry into the
nucleus, thus increasing the transcriptional expression of MMP-9.

Since MMP-9 has bidirectional effects on BBB destruction and
neurovascular repair in different cells at different periods after stroke
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(4, 49), intervention on MMP-9 should not be systematically inhib-
ited or enhanced out of context. Although NDRG2 is a good target
for the intervention of astrocytic MMP-9, the damage or protective
effect of BBB shown by gene KO alone in different animal models
cannot fully explain whether NDRG2 contributes to alleviating or
aggravating brain injury in the final outcome of stroke. Moreover,
gene editing therapy is not yet mature in the clinical treatment of stroke.
Therefore, targeted pharmacological inhibition of the NDRG2-
mediated MMP-9 regulatory pathway in astrocytes is an important
approach for clinical transformation. Consequently, we constructed
a peptide simulating the small fragment of PPM1A protein (the
302 to 313-amino acid domain) targeting the protein structure of
NDRG?2 interacting with PPM1A to block their binding, enabling
PPMI1A to enter the nucleus smoothly to dephosphorylate Smad2/3
and prevent its transcription of MMP-9. In preclinical trials in SAH
animal models, we confirmed that the peptide could inhibit the ex-
pression of MMP-9 in the acute phase and thus protect BBB.

In this study, we propose novel findings that reactive astrocytes
are the main source of MMP-9 in the early period after SAH and iden-
tify the mechanism by which NDRG2-PPM1A interacts in the cyto-
plasm and regulates MMP-9 expression through Smad2/3 signaling.
The NDRG?2 antagonistic peptide developed on this basis plays a pro-
tective role of BBB, which is expected to be a potential therapeutic
for cerebral edema after SAH (a graphic conclusion shown in Fig. 7).

MATERIALS AND METHODS

Animal preparation

Both male and female C57Bl/6 mice (8 to 10 weeks old, 25 to 30 g)
were obtained from the Laboratory Animal Center of the Fourth
Military Medical University. The Ndrg2™*"* mice (C57Bl/6) were
crossed to Aldh1l1-cre mice (the Jackson Laboratory, #023748, USA)
for the generation of astrocytic Ndrg2-cKO mice. All experimental
procedures were reviewed and approved by the Committee for
Experimental Animal Use and Care of the Fourth Military Medical
University following ARRIVE guidelines (FMMULL-2015123). This
study was fully in compliance with university ethical guidelines.

SAH mouse model

The SAH mouse model was established through endovascular punc-
ture as previously described (50). Briefly, mice were anesthetized by
inhalation of isoflurane supplemented with O, during surgery.
Mice were subjected to a cervical midline incision, and the right
common carotid artery, internal carotid artery, and external carotid
artery were isolated. A sharp 6-0 nylon suture was inserted into the
right internal carotid artery through the bifurcation of the external
carotid artery and common carotid artery. The suture was advanced
forward until resistance was felt at the bifurcation of the anterior
and middle cerebral arteries. The suture was then advanced further
to puncture the vessel and then removed immediately. During sham
operation, sutures were inserted into the right carotid artery. How-
ever, no blood vessels were punctured. After removal of the sutures,
the skin incision was sutured. Throughout the operation, the mean
arterial pressure, arterial pH, partial pressure of oxygen (PO,), par-
tial pressure of carbon dioxide (PCO,), and heart rate were moni-
tored. The core temperature was maintained at 37.0° + 0.5°C. The
SAH model was constructed in compliance with ethical norms and
animal welfare principles. All SAH operations were performed by a
single experienced investigator, who was blinded to the SAH subgroups
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in all experiments. Both male and female mice were used on the
SAH model.

Neurological function assessment
SAH grade was determined after animal sacrifice by the SAH grading
scale. The basal cistern was divided into six segments as previously
described (51). The final score was obtained by adding up all scores
from the six segments (range, 0 to 18). Mice with SAH grading
scores <8 were excluded from the present study.

The modified Garcia score was based on a 21-point, seven-test
system as previously reported (51). The final score range was 3 to
21, with lower scores indicating more severe neurological deficits.

BBB permeability assays

BBB permeability was determined via Evans blue staining as previously
reported (52, 53). Briefly, 2.0% Evans blue (4 ml/kg, Sigma- Aldrich)
was intraperitoneally injected into the mouse. Evans blue dye was
visualized using a fluorescence microscope at 640 nm. The whole brain
was carefully removed, weighed, and homogenized in phosphate-
buffered saline. The supernatant was incubated with an equal volume
of 50% trichloroacetic acid at 4°C overnight. The resultant supernatant
quantified the extravasated Evans blue at 620 nm (in micrograms per
gram of brain tissue; SpectraMax 190; Molecular Devices, Sunnyvale,
CA, USA). The leakage mouse IgG from BBB was observed by fluo-
rescence microscope at 594 nm, and fluorescence density was ana-
lyzed using Image]J software.

Brain water content assessment

The measurement of brain water content was performed using whole
brain tissues. Brain weight (wet weight) was assessed immediately
after removal from the animal. The brain was dried at 110°C for
48 hours and weighed again (dry weight). The brain water content
was calculated: (weightwgr — weightpry)/weightwgr x 100%.

Primary astrocyte culture and treatment
The primary astrocytes were cultured as previously described (54).
Briefly, the neonatal C57Bl/6 mice (P1) were sacrificed, and the cortices
of the brains were removed. The dissociated cells were resuspended
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum and 1% penicillin-streptomycin solution and permitted to
proliferate for 10 days in a humidified incubator (5% CO,/95% air).
Heme (100 uM, Sangon Biotech) was used to mimic a hemorrhagic
stimulation for 12 hours in vitro. The astrocytes were then treated
with LY2109761 (a TGF-B receptor type I/l inhibitor, 20 uM; Selleck,
S2704) for 12 hours. WT (full length) and truncated cDNA of Ndrg2
and Ppmla were constructed on pIVX-IRES plasmid vector. The
primary astrocytes were transfected with Lipofectamine 3000
Transfection Reagent (Thermo Fisher Scientific, L3000015).

Astrocytic morphology analysis

To quantitatively analyze the morphologic alteration of astrocytes
in vivo, we established a novel method using Image]J software
(version k1.45) combined with the plugins of Neuron] and Sholl
analysis. The representative astrocytes were reconstructed and pro-
jected into two-dimensional planes. Astrocytes were immunolabeled
by GFAP staining and were traced into outline and area patterns for
the observation of cellular soma. The soma area and cellular perimeter
were measured by Image]. The astrocytic branches were traced in
Neuron] for dendritic complexity analysis. The branches were
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counted, and the sum length was calculated. Sholl analysis was then
performed by drawing a group of concentric circles (5-um-radius
increments from the soma). The sum intersections of the branches
crossing with the circles were analyzed. The variation trend of the
intersection number following the distance from the center was
graphed by linear performance. The peaks of intersections were
compared within groups.

Western blotting

The cell samples or frontal lobes of brain tissues were lysed with
radioimmunoprecipitation assay buffer (Thermo Scientific, 87788),
and 20 pg of samples was separated with 4 to 20% SDS-polyacrylamide
gel electrophoresis and transferred to a polyvinylidene difluoride mem-
brane (Millipore, Shanghai, China). After blocking, the membrane
was incubated overnight with the indicated primary antibody at4°C. The
following primary antibodies were used: anti-GFAP (1:10,000; Abcam,
ab7260), anti-NDRG?2 (1:2000; Abcam, ab174850), anti-p-Smad2
(Ser*6>497)1Smad3 (Ser*?*#2) (1:1000; Cell Signaling Technology, 8828),
anti-Smad2/3 (1:1000; Cell Signaling Technology, 8685), anti-Smad3
(1:1000; Cell Signaling Technology, 9528), anti-MMP-9 (1:1000; Santa
Cruz Biotechnology, sc21733), anti-laminin a2 (1:200; Sigma-Aldrich,
L0663), anti-occludin (1:10000; Proteintech, 66378-1), anti-ZO-1 (1:1000;
Proteintech, 66452-1), anti-flag (1:5000; Sigma-Aldrich, F1804), anti-
hemagglutinin (HA; 1:20000; Proteintech, 66006-2), and anti-B-actin
(1:5000; Abcam, ab8226). Horseradish peroxidase—conjugated second-
ary antibodies were used. Chemical reactions were detected with an
ECL system (Advansta, Menlo Park, CA, USA). The scanned images
were analyzed with Image] NIH software.

Coimmunoprecipitation

The cells were incubated with an appropriate volume of immuno-
precipitation lysis buffer (Pierce, Thermo Scientific) and a protease
inhibitor mixture for 4 hours at 4°C. The supernatant lysates were
collected and were then incubated with 2 ug of primary antibodies
overnight at 4°C: anti-Flag (1:100; Proteintech, 66008-3), anti-HA
(1:100; Proteintech, 51064-2), anti-NDRG2 (1:100; Abcam, ab174850),
and anti-PPM1A (1:100; Cell Signaling Technology, 3549). After
incubation for 4 hours at 4°C, the protein A/G magnetic beads
(MedChemExpress, HY-K0202) were washed three times with the
lysis buffer. The proteins were eluted in loading buffer and analyzed
by immunoblotting analysis.

Real-time PCR

Total RNA was extracted from cell samples or frontal lobes of brain
tissues and purified with TriPure Isolation Reagent (Roche, C755B28).
cDNA was synthesized via the cDNA Reverse Transcription Kit
(Roche, 4897030001). Quantitative reverse transcription PCR was
performed using SYBR Green Master Mix (Roche, 6924204001) ac-
cording to the manufacturer’s instructions. The Ndrg2 and Mmp9
mRNA level was normalized to that of Gapdh. The primers used were
as follows: Ndrg2, GTGATGCTGGTGGTTGGAGA (forward) and
TGTGGCTGACCTCCAGAGT (reverse); Mmp9, CTGGACAGC-
CAGACACTAAAG (forward) and CTCGCGGCAAGTCTTCA-
GAG (reverse); and Gapdh, ACTGAGCAAGAGAGGCCCTA
(forward) and TTATGGGGGTCTGGGATGGA (reverse).

Chromatin immunoprecipitation-PCR
With the enzymatic ChIP solution, the enrichment process strictly
followed the protocols specified in the kit (SimpleChIP Plus Kit,
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Cell Signaling Technology Inc, #9005). The purified DNA was quan-
tified by qPCR. The primer used for JPCR was GGTCTCGTGAA-
CACTGCTGA for Mmp9-proF and CGCTCAAGCCTTTGTCCCTA
for Mmp9-proR.

Immunofluorescence staining

The cultured cells or brain samples were fixed with 4% paraformal-
dehyde. Then, cells or coronal brain sections (30 um) of the frontal
cortex were incubated with the following primary antibodies at 4°C
overnight: anti-MMP-9 (1:200; Proteintech, 10375-2), anti-MMP-9
(1:100; Santa Cruz Biotechnology, sc21733), anti-GFAP (1:1000; Abcam,
ab4674), anti-NeuN (1:500; Abcam, ab104224), anti-myeloperoxidase
(MPO; 1:100; Proteintech, 22225-1), anti-ionized calcium bind-
ing adapter 1 (IBA1; Synaptic Systems, 234004, 1:400), anti-CD31
(1:200; Novus Biologicals, NBP1-71663), anti-NDRG2 (1:200; Abcam,
ab174850), anti-NDRG2 (1:2000; Proteintech, 67191-1), anti-p-
Smad2(Ser465/ 467y Smad3(Ser423/425) (1:200; Cell Signaling Technol-
ogy, 8828), anti-PPM1A (1:200; Abcam, ab14824), and anti-laminin a2
(1:200; Sigma-Aldrich, L0663). Samples were then incubated with the
secondary antibodies of Alexa Fluor 488/594 Donkey anti-Mouse/
Rabbit/Chicken IgG (1:400; Invitrogen) at room temperature for
4 hours. 4',6-Diamidino-2-phenylindole staining was then used to
label cellular nuclei. Last, images were acquired by laser confocal
microscopy (Nikon, A1, Tokyo, Japan). When red and green were
double-labeled in images, red was replaced by purple pseudo-color.

Cytoplasmic and nuclear protein extraction

The cytoplasmic and nuclear protein extracts were prepared using
the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Fisher Scientific, 78833) according to the manufacturer’s instruc-
tions. Cytoplasmic and nuclear extracts were obtained after repeated
vortex, incubation on ice, and centrifugation and then analyzed by
Western blotting.

Smad3 knockout 293T cell

The Smad3 KO 293T cell line was constructed by CRISPR-Cas9 sys-
tem (ABclonal, RM01816). Single-guide RN As were designed using
CRISPRtool (http://crispr.mit.edu) to minimize potential off-target
effects. The primer and oligo sequences were as follows: Smad3-F,
CACCGGCTGTAGTCGTCCAGTGGG and Smad3-R, AAAC-
CCCACTGGACGACTACAGCC.

Molecular docking of protein-protein interactions

The prediction of protein-protein interactions was performed by the
PRISM Webserver following the previous reports (55, 56). Briefly,
the amino acid sequences of NDRG2 (Q9QYGO0-1) and PPMI1A
(P49443-1) were obtained from the UniProt database. Then, ligand
and receptor proteins were preprocessed respectively after evalua-
tion. Selecting the lowest energy structure for subsequent analysis
was based on the PRISM website (http://cosbiku.edu.tr/prism) to
predict protein interaction mode.

Toxicity of TAT-QFNP12 in vivo

The toxicity of TAT in vivo was assessed by detecting the important
clinical biochemical indexes and histopathology of organs. Normal
mice received 20 and 100 mg/kg doses of TAT-QFNP12 treatment
for seven continuous days (intravenous injection). Blood was collected
before being sacrificed. The biochemical indexes (alanine amino-
transferase, aspartate aminotransferase, alkaline phosphatase, total
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protein, albumin, direct bilirubin, blood urea nitrogen, and creatinine)
were performed using an automatic biochemical analyzer (iChem-340,
iCubio Instruments). Histopathological analyses were performed in
the brain, heart, lung, liver, and kidney by H&E staining after being
fixed with 4% paraformaldehyde. Histopathological analysis was
carried out in a blinded manner by an experienced pathologist.

Statistical analysis

The exact values of sample size (1) are shown in figure legends and
represent either the number of animals or cell cultures. No statistical
methods were used to predetermine sample sizes, but our sample sizes
were similar to those reported in previous publications (57-59).
Animals were randomized to treatment groups according to a group
of pregenerated random numbers generated by Excel, and all anal-
ysis was performed by investigators blinded to experimental groups.
Data were expressed as means + SD from at least three independent
experiments. Statistical differences between the two groups were
analyzed using Student’s ¢ test (unpaired, two-tailed). Comparison
between multiple groups was performed with one-way analysis of
variance (ANOVA), followed by Student-Newman-Keuls test. The
rating scale data (neurological scores and SAH grade) were analyzed
via Kruskal-Wallis one-way ANOVA on ranks followed by Steel-Dwass
multiple comparisons and expressed as a median of 25th to 75th
percentiles. Two-way ANOVA was used to compare two or more
variables among multiple groups, followed by the Student-Newman-
Keuls test. The analysis was performed with SPSS (version 21.0).
P < 0.05 was defined as statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq2423

View/request a protocol for this paper from Bio-protocol.
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