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Abstract

Preeclampsia is a life-threatening pregnancy disorder that is widely believed to be triggered by
impaired placental development. However, the placenta-related pathogenic factors are not fully
identified and their underlying mechanisms in disease development remain unclear. Here we
report that the protein level and enzyme activity of tissue transglutaminase (TG2 or tTG), the most
ubiquitous member of a family of enzymes that conducts posttranslational modification of proteins
by forming e-(y-glutamyl)-lysine isopeptide bonds, are significantly elevated in placentas of
preeclamptic women. TG2 is localized in the placental syncytiotrophoblasts of preeclamptic
patients where it catalyzes the isopeptide modification of the angiotensin receptor AT1. To
determine the role of elevated TG2 in preeclampsia, we employed a mouse model of preeclampsia
based on injection of angiotensin receptor type 1 agonistic autoantibody (AT1-AA). A pathogenic
role for TG2 in preeclampsia is suggested by in vivo experiments in which cystamine, a potent
transglutaminase inhibitor, or sSiRNA-mediated TG2 knockdown, significantly attenuated
autoantibody-induced hypertension and proteinuria in pregnant mice. Cystamine treatment also
prevented isopeptide modification of placental AT1 receptors in preeclamptic mice.
Mechanistically, we revealed that AT1-AA stimulation enhances the interaction between AT1
receptor and TG2, and results in increased AT1 receptor stabilization via transglutaminase-
mediated isopeptide modification in trophoblasts. Mutagenesis studies further demonstrated that
TG2-mediated isopeptide modification of AT1 receptors prevents the ubiquitination-dependent
receptor degradation. Taken together, our studies not only identify a novel pathogenic
involvement of TG2 in preeclampsia but also suggest a previously unrecognized role of TG2 in
the regulation of GPCR stabilization by inhibiting ubiquitination-dependent degradation.
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Introduction

Preeclampsia (PE) is a gestation-specific syndrome with a high incidence of mother and
infant morbidity and mortality worldwide. For years, its diagnosis was made solely by
detecting the onset of hypertension and proteinurial-2. Although the underlying cause of PE
remains largely unknown and the clinical management is limited, it has been long speculated
that impaired placental development is an initial trigger to maternal symptoms®-2. Indeed,
placental ischemia/hypoxia-induced pathogenic factors® including inflammatory
cytokines*, antiangiogenic factors®/, and AT1-AA8-12 have been demonstrated to play a
crucial role in the disease pathogenesis by recent studies. But the placenta-related
pathogenic factors are still not fully identified and underlying mechanisms remains
undefined. Therefore, this study is aimed to identify novel placenta-related mediators in PE
and the underlying mechanisms of disease pathogenesis.

Transglutaminases are a family of enzymes conducting posttranslational modification by
forming inter- or intra-molecular s-(y-glutamyl)-lysine isopeptide bonds in a calcium
dependent mannerl3. Metabolomic screening revealed that cystamine, an endogenous
inhibitor of transglutaminases, was significantly less produced in cultured explants of PE
placentas®. Of note, tissue transglutaminase (TG2, tTG or Gy,), the most ubiquitous
transglutaminase, is enriched in placental syncytiotrophoblast layer'®>16 from which it is
shed into the maternal circulationl’. Different from other transglutaminases, TG2 can also
function as a high molecular G protein that couples the activation of certain GPCRs18-20,
TG2 gene expression can be induced by TGF-, TNF-a and 1L-621-23, the inflammatory
cytokines highly elevated in PE3-5: 24, The cytokine response of TG2 transcription is
mediated by NF-xB and HIF-1a23, two stress-induced transcription factors elevated in the
hypoxic placentas of PE women as well3: 25, Although PE-associated conditions, including
inflammation and hypoxia, are involved in the regulation of TG2 expression and enzyme
activation?3 28 little is known about the exact role of TG2 in PE. In this study we are
intrigued by the colocalization between AT1 receptor?’-28 and TG21°-16 in placental
syncytiotrophoblasts, the capability of TG2 to couple with GPCRs18-20, and an environment
of hypoxia® 2% and calcium mobilization1? in PE placentas favoring the transamidation
function of TG226. Based on these facts, we show that TG2, which is significantly elevated
in preeclamptic placentas, stabilizes the placental AT1 receptor with isopeptide modification
repressing its ubiquitination-dependent proteasome degradation. A pathological role for TG2
in PE is suggested by experiments presented below showing that cystamine, a potent TG
inhibitor, or siRNA specific for TG2, significantly attenuate PE features in an experimental
model of PE in pregnant mice. Cystamine treatment also prevented isopeptide modification
of placental AT1 receptors in this model. Taken together, our results not only suggest a
pathogenic role for TG2 in PE, but also shed light on a novel and general mechanism of
GPCR regulation, in which the high molecular weight G protein TG2/Gy, prevents the
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receptors’ ubiquitination-dependent degradation via isopeptide modification in stress
conditions.

Enzyme activity and expression level of TG2 are significantly elevated in preeclamptic

placentas

To evaluate the involvement of placental transglutaminase in PE, we initially found that the
TG activity in PE placentas was approximately twice as high as in NT placentas (8011
versus 40£5 milliunit/mg protein) (Figure 1A). To localize TG activity in NT/PE placentas,
we probed placental sections for e-(y-glutamyl)-lysine isopeptides in immunohistochemistry
(IHC) and immunofluorescent (IF) dual-staining. Compared with NT placentas, a higher
level of e-(y-glutamyl)-lysine isopeptide was localized to the syncytiotrophoblasts of PE
placentas (Figure 1B). Similar to the TG activity assay result, a two-fold increase in e-(y-
glutamyl)-lysine isopeptide level was observed in PE placentas (Figure 1B). Thus, these
studies indicate that elevated TG activity leads to increased isopeptide modification in
preeclamptic syncytiotrophoblasts.

Subsequently, we determined the specific TG responsible for the increase in e-(y-glutamyl)-
lysine isopeptide in preeclamptic syncytiotrophoblasts. Consistent with previous
studies?®16, TG2 was localized in the placental syncytiotrophoblasts in our IHC/IF dual
staining (Figure 1C). Both western blotting and IHC/IF dual-staining show that in PE
placentas the level of TG2 is approximately two-fold higher than in NT placentas (Figure 1C
and D), indicating that the increase in isopeptide modification at the preeclamptic
syncytiotrophoblasts is likely due to the increased TG2 expression.

Since TG2 in placental syncytiotrophoblasts could be shed into circulation in
microparticles!’, we checked whether the increase in TG2 in PE placentas is associated with
an elevated circulating TG activity. As shown in Figure 1e, we found significantly higher
levels of plasma TG activity in both mild and severe PE than in NT samples (6.3+0.5 and
9.7+0.7 versus 2.5+0.4 milliunits/ml, respectively). The plasma TG activity in severe PE
was further elevated relative to mild PE (9.7£0.7 versus 6.3+0.5 milliunits/ml), indicating
that the elevated plasma TG activity in PE patients may be correlated with disease severity.

e-(y-glutamyl)-lysine Isopeptide modification on AT1 receptor is pronounced in PE

placentas

As the major angiotension receptor and the in vivo target of AT1-AA, AT1 receptor is
believed to be involved in the pathogenesis of PE. Interestingly, AT1 receptors are highly
expressed in placental syncytiotrophoblasts?7-28 where elevated TG2 and isopeptide
modification is found in PE. Thus, based on these findings and in a view of the fact that TG2
couples to certain GPCRs18-20, we chose to investigate whether the enhanced TG2 activity
results in an increase in isopeptide modification of the colocalized AT1 receptor in PE
placentas. To assess this possibility, all the proteins with e-(y-glutamyl)-lysine isopeptides in
human NT/PE placentas were immunoprecipitated and probed for AT1 receptor. Compared
with NT controls, AT1 receptors were readily identified in the immunoprecipitated products
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from PE placental lysates (Figure 2A), indicating that the isopeptide modification of AT1
receptor was significantly increased in PE placentas. This finding was confirmed with a
reciprocal co-1P assay in which AT1 receptor protein in NT/PE placental lysates was
immunoprecipitated and its isopeptide level determined in western blotting. As shown in
Figure 2B, a higher level of AT1 receptor with isopeptide modification is characterized in
the anti-AT1 receptor pulldown products from PE placental lysates. Additionally, in
immunofluorescent staining, AT1 receptor (red) and isopeptide modification (green) could
be colocalized (yellow) at the microvillous membrane of human PE placentas (Figure 2C), a
finding consistent with the Co-IP results, and suggesting the specific involvement of TG2 in
AT1 receptor modification.

In vivo pathogenic role of TG2 in PE

Our recent study2 demonstrates that the transfer of purified AT1-AA or total IgG from PE
patients into pregnant mice reproduces the key clinical features of PE, thereby establishing a
valuable humanized PE animal model favoring TG2 activation. To determine whether
increased TG activity contributes to PE pathogenesis, we inhibited TG activity with the
well-established TG inhibitor cystamine in our PE mouse model induced by injection of IgG
(containing AT1-AA) from PE women?2, Similar to previous studies!?, infusion of IgG
from PE women induces key PE clinical features including hypertension and proteinuria in
pregnant mice, (Figure 3A and B). Similar to human studies, circulating TG activity was
significantly elevated in the pregnant mice injected with PE 1gG compared to the NT 1gG-
injected controls (Fig. 3D). Compared with pregnant mice injected with PE IgG alone,
cystamine treatment attenuated the key clinical features of preeclampsia including
hypertension (from 159.5+5.6 to 132.6+2.7 mmHg in Figure 3a) and proteinuria (from
106.5+£37.8 to 38.5+6.9 ng albumin/mg creatinine in Figure 3B), as well as increased plasma
TG activity (Fig. 3D). NT 1gG-injected mice with or without cystamine treatment retained
the baseline values for these parameters. Using this PE mouse model we saw increased AT1
receptor with isopeptide modification in placentas (Figure 3C), while cystamine treatment
abolished the modification and accumulation of placental AT1 receptors (Figure 3C). The
efficiency of cystamine in preventing isopeptide modification in the placental labyrinth zone
(the counterpart of human placental syncytiotrophoblasts) of PE 1gG-mice was further
confirmed by isopeptide immunostaining (Figure 3E). These results suggest that placental
AT1 receptor accumulation is a pathological consequence of isopeptide modification caused
by increased placental TG activity. Taken together, the data from our PE animal model
indicate that the elevated TG activity is required for autoantibody-induced PE features in
pregnant mice.

As a broad-spectrum inhibitor of transglutaminases, cystamine is not sufficient to identify
the specific TG contributing to the PE features in our mouse model. To specifically assess
the role of TG2 in the pathogenesis of PE, siRNA-embedded nanoparticles were injected
into pregnant mice on embryonic day 13 (E13) and E14 together with PE 1gG to knockdown
TG2 expression in PE mice. As shown in Figure 3f, on E18, placental expression of TG2 is
significantly down-regulated in PE mice injected with TG2 siRNA compared with control
siRNA-injected PE mice. Correspondingly, a significant attenuation of blood pressure
increase was observed in TG2 siRNA-injected PE mice from E15 to E17 (Figure 3G).
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Proteinuria, another important PE feature, was also attenuated in TG2 siRNA-injected PE
mice (Figure 3H). TG2 knockdown repressed the accumulation of isopeptide modification in
the placental labyrinth zone of PE 1gG-injected mice as well (Figure 3I). Taken together, our
in vivo data confirm the essential role of TG2 in the development of PE.

TG2-mediated isopeptide modification stabilizes AT1 receptor by repressing
ubiquitination-dependent degradation

Elevated AT1 receptor isopeptide modification was associated with increased receptor levels
in human PE placentas (Figure 2) and in placentas of PE IgG-injected mice (Figure 3C). To
investigate the mechanism and consequences of AT1 receptor modification we used the
established human trophoblast cell line, HTR-8/SVneo. Treated cells were initially tested to
see if PE 1gG could induce the interaction between AT1 receptors and TG2. More AT1
receptors were associated with TG2 in trophoblasts treated with PE 1gG (Fig. 4A), in
comparison with HTR cells treated with NT IgG, suggesting a promotional effect of AT1-
AA on AT1 receptor and TG2 interaction in PE. Next, we checked the protein level and
isopeptide modification of AT1 receptors in treated trophoblasts. Similar to human PE
placentas, the level of AT1 receptor protein and the extent of isopeptide modification were
increased in PE 1gG-treated trophoblasts. These features were largely eliminated in cells co-
treated with the transglutaminase inhibitor cystamine (Figure 4B) or the AT1 receptor
antagonist losartan (Figure 4C), suggesting that the accumulation of AT1 receptors in PE
IgG-treated trophoblasts is through AT1-AA-induced isopeptide modification.

To elucidate the molecular mechanism underlying TG2-mediated AT1 receptor
accumulation, we first investigated the receptor's degradation pathway in HTR cells. As
shown in Figure 4D, AT1 receptors showed a rapid cellular accumulation in cells treated
with the proteasome inhibitor MG132, but not in cells treated with the lysosome inhibitor
chloroquine (CHQ), indicating that AT1 receptors are mainly degraded through the
ubiquitination/proteasome pathway?.

The AT1 receptor cytoplasmic tail has only one glutamine (position 315, or Q315) that was
previously shown to be the FXIlla transglutaminase-mediated AT1 receptor crosslinking
site30. Thus, to assess the effect of TG2-mediated isopeptide modification on AT1 receptor
ubiquitination, we established stable CHO cell lines overexpressing TG2 along with either
WT or mutant AT1 receptor in which glutamine at position 315 is replaced with alanine
(Q315A). Compared with WT AT1 receptor, the Q315A mutant is less abundant and
resistant to TG2-mediated isopeptide modification (Figure 4E and F). However, when the
ubiquitination/proteasome pathway was blocked by proteasome inhibitor MG132, the
Q315A mutant showed a similar overall cellular abundance to WT AT1 receptors, and the
poly-ubiquitination level of the Q315A mutant (and its associated proteins), as well as its
mono-ubiquitination level are much higher than those of WT AT1 receptor (Figure 4G).
Reciprocally, in the anti-ubiquitin immunoprecipitated products, more mono-ubiquitinated
AT1 receptor was identified from the Q315A mutant cells, and was not changed with Ang 11
stimulation (Figure 4H). In contrast the WT AT1 receptor showed reduced
monoubiquitination following Ang Il stimulation, presumably as a result of isopeptide
modification by TG2. In summary, our findings here support a working model that TG2-
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dependent degradation.

Discussion

In this study we are the first to identify significantly increased enzyme activity and protein
expression of tissue transglutaminase in PE placentas. Intrigued by the colocalization among
TG2, isopeptides, and AT1 receptor, we furhter found a higher level of AT1 receptor with
isopeptide modification in syncytiotrophoblasts of PE placentas. Based on these findings, we
proceeded to demonstrate that AT1-AA-induced isopeptide modification stabilized AT1
receptor in trophoblasts. Inhibition of TG activity by cystamine or siRNA-mediated TG2
knockdown ameliorated PE IgG-induced disease features in pregnant mice and reduced
placental AT1 receptor isopeptide modification. Mechanistic studies revealed that isopeptide
modification on Q315 of the AT1 receptor inhibited its ubiquitination-dependent
degradation. Overall, our findings demonstrate a novel mechanism underlying increased
AT1 receptor accumulation in PE placentas, in which TG2-mediated isopeptide modification
at Q315 stabilizes the receptor posttranslationally by repressing its ubiquitin-dependent
proteasome degradation. The TG2-mediated stabilization of AT1 receptor may also suggest
a general mechanism for the regulation of GPCR stability by TG2.

We report here a significant increase in plasma TG activity in PE patients. The increased TG
is unlikely to be FXIlla transglutaminase because the usage of EDTA as anti-coagulant in
plasma collection results in the cleavage of FXIlla transglutaminase by thrombin3L, our data
not shown. Therefore, the increase in plasma TG activity probably results from increased
circulating TG2 in microparticles shed from PE placental syncytiotrophoblastsl’. The
elevated TG activity in the circulation of PE women may also be a result of transcriptional
induction by elevated TNF and IL-621-23, The strong positive correlation between plasma
TG activity and disease severity suggests that plasma TG activity may serve as a novel
biomarker of PE.

Tissue transglutaminase is found to be involved in multiple cardiovascular diseases
including spontaneous hypertension32, atherosclerosis33, and cardiac hypertrophy34. We
show here that elevated transglutaminase activity is associated with PE in humans and a
mouse model. To test whether elevated TG2 contributes to the disease pathogenesis, we
treated the autoantibody-induced PE mouse model with the transglutaminase inhibitor
cystamine or TG2-specific sSiRNA. Cystamine is a potent competitive TG inhibitor with
well-established oral and intra-peritoneal administrative methods in mice and has been
shown to successfully control the development of Hungtington Disease in animal
models3°-38, However, as a broad-spectrum TG inhibitor39, cystamine lacks specificity to
determine the exact TG responsible for features of PE in the autoantibody-injected pregnant
mice. To overcome this disadvantage, we specifically knocked down TG2 in PE mice with
SiRNA specific for TG2. Due to the dual roles of TG2 as a transglutaminase and a G
protein26, the siRNA knockdown method is not sufficient to distinguish its TG function
from its GTPase function in PE pathogenesis. Thus, we believe that the combination of
cystamine-mediated TG activity repression and siRNA-mediated TG2 knockdown is
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necessary to delineate the critical role of TG2 as the transamidation enzyme in PE
pathogenesis.

Transglutaminases modify proteins in a calcium-dependent manner by catalyzing the
formation of an isopeptide bond between the y-carboxamide group of a glutamine residue
and the e-amino group of a lysine residue!3 23, and 26. Uniquely, the transamidation activity
of tissue transglutaminase is inhibited by the binding of cellular energy-carrying nucleotides
including GTP, GDP, and ATP13.26 and 40, Under normal physiological conditions, cells
maintain an intracellular environment of low calcium and high GTP concentrations, which
inhibits TG2's transamidation function28. TG2 activation is usually associated with
pathological conditions as shown here and in many other studies. Although atherosclerosis is
associated with Factor Xllla transglutaminase-mediated crosslinking of AT1 receptors into
dimers3?, little is known about the exact mechanism underlying the role of TG2 in
hypertension-related diseases. Here, for the first time we revealed the pronounced
interaction between tissue transglutaminase and AT1 receptors in PE 1gG-treated HTR cells.
We also observed a significant increase in isopeptide modification of AT1 receptors at the
sycytiotrophoblasts of PE placentas. Through treating our PE mouse model and PE 1gG-
treated HTR cells with AT1 receptor antagonist losartan or transglutaminase inhibitor
cystamine, we further demonstrated that AT1-AA-induced receptor activation increases the
level of AT1 receptor isopeptide modification. Indeed, AT1-AAs in the circulation of PE
patients can easily contact syncytiotrophoblasts and thereby induce calcium mobilization®
favoring the activation of TG2 in an environment of hypoxia-induced ATP/GTP depletion2®.
Interestingly, the lack of a significant change in molecular weight of AT1 receptor after
TG2-mediated isopeptide modification, is consistent with previous observation39 about the
inability of TG2 to crosslink AT1 receptor into dimers, and suggests that the modification
may be intra-molecular as documented on other proteins#1-42 or a result of the incorporation
of a small primary amine*3.

In this study while investigating the TG2-mediated AT1 receptor isopeptide modification,
we also observed an increased level of AT1 receptor in PE placentas. To study this
correlation, we generated a modification-deficient AT1 receptor mutant (Q315A) whose
cytoplasmic tail glutamine residue (site of TG modification) was mutated to alanine. Since
the degradation of AT1 receptors is mainly through the ubiquitin-proteasome pathway?2°, we
examined the protein level and ubiquitination status of wild-type and Q315A mutant AT1
receptors. We observed that in CHO cells overexpressing TG2, the Q315A mutant showed
an increased ubiquitination and decreased protein accumulation compared with WT AT1
receptor, indicating that the isopeptide modification at Q315 of the receptor's cytoplasmic
tail prevents its ubiquitination-dependent proteasome degradation. Consistent with this
model are the presence of several lysine residues in the C-terminal tail for ubiquitination.
Protein ubiquitination, a process resulting in protein degradation, utilizes ATP to form a
high-energy glycine-lysine isopeptide bond between ubiquitin and its acceptor®4, while
TG2-mediated modification, a process resulting in protein stabilization, forms glutamine-
lysine isopeptide bonds in a low ATP/GTP environment that activates TG225. Our data
suggest a competing relationship between AT1 receptor ubiquitination and TG2-mediated
modification. Our findings may also provide an explanation for the contribution of
proinflammatory cytokines in hypertension. Specifically, increased proinflammatory
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cytokines stimulate TG2 production that results in increased isopeptide modification and
stabilization of AT1 receptors, and the increased level of AT1 receptors in turn contributes
to increased Ang Il sensitivity and hypertension.

Taken together, our results in this study suggest a vicious cycle for the pathogenesis of PE in
which increased tissue transglutaminase activity in syncytiotrophoblasts stabilizes AT1
receptor to generate a long-lasting and amplified disease signal in PE placentas. Our
findings also raise the possibility that TG2-mediated modification may be a general
mechanism for the regulation of GPCR stability.

Perspectives

In this study we demonstrated that elevated tissue transglutaminase contributes to the
disease pathogenesis and causes the pathological accumulation of AT1 receptor in PE
placentas. To further elucidate the underlying mechanism, future work will be first focused
on determining the pathogenic significance of TG2-mediated placental AT1 receptor
stabilization. And the identification of other TG2 modification targets will help us better
understand the disease nature as well. Moreover, the existence of the conditions (e.g.
excessive calcium mobilization and hypoxia) favoring TG2 activation in other hypertensive
diseases also suggests the potential therapeutic applications of TG2 inhibition.
Mechanistically, we revealed that TG2-mediated isopeptide modification stabilizes AT1
receptor by inhibiting ubiquitination-dependent degradation. Because of the mutually
opposite functional consequences between AT1 receptor ubiquitination and TG2-mediated
isopeptide modification, it will be of great interest to investigate whether these two
processes compete for the same lysine in AT1 receptor cytoplasmic tail with proteomic
approaches. Using AT1 receptor as the model, our data also suggest a novel and general
mechanism of GPCR regulation, in which the high molecular weight G protein TG2/Gy,
could surprisingly stabilize GPCRs via ubiquitination-preventing isopeptide modification in
certain stress conditions.

Methods and Materials

Please see online supplementary materials

Acknowledgments

Sources of Funding

This work was supported by NIH fund HD034130 and RC4HD067977.

References

1. Roberts JM, Cooper DW. Pathogenesis and genetics of pre-eclampsia. Lancet. 2001; 357:53-56.
2001. [PubMed: 11197372]

2. Redman CW, Sargent IL. Latest advances in understanding preeclampsia. Science. 2005; 308:1592—
1594. [PubMed: 15947178]

3. LaMarca BB, Gilbert J, Granger JP. Recent progress toward the understanding of the
pathophysiology of hypertension during preeclampsia. Hypertension. 2008; 51:982-988. [PubMed:
18259004]

Hypertension. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

13.

15.

16.

17.

18.

19.

20.

Page 9

. LaMarca BB, Bennett WA, Alexander BT, Cockrell KL, Granger JP. Hypertension produced by

reductions in uterine perfusion in the pregnant rat: role of tumor necrosis factor-a. Hypertension.
2005; 46:1022-1025. [PubMed: 16144982]

. Gadonski G, LaMarca BB, Sullivan E, Bennett W, Chandler D, Granger JP. Hypertension produced

by reductions in uterine perfusion in the pregnant rat: role of interleukin-6. Hypertension. 2006;
48:711-716. [PubMed: 16940225]

. Maynard SE, Min J, Merchan J, Lim KH, Li J, Mondal S, Libermann T, Morgan JP, Sellke FW,

Stillman IE, Epstein FH, Sukhatme VP, Karumanchi SA. Excess placental sFlt-1 may contribute to
endothelial dysfunction, hypertension and proteinuria in preeclampsia. Journal of Clinical
Investigation. 2003; 111:649-658. [PubMed: 12618519]

. Venkatesha S, Toporsian M, Lam C, Mammoto T, Kim YM, Bdolah Y, Lim KH, Yuan HT,

Libermann TA, Stillman IE, Roberts D, D'Amore PA, Epstein FH, Sellke F, Romero R, Sukhatme
VP, Letarte M, Karumanchi SA. Soluble endoglin contributes to the pathogenesis of preeclampsia.
Nature Medicine. 2006; 12:642-649.

. Wallukat G, Homuth V, Fischer T, Lindschau C, Horstkamp B, Jupner A, Baur E, Nissen E, Vetter

K, Neichel D, Dudenhausen JW, Haller H, Luft FC. Patients with preeclampsia develop agonistic
autoantibodies against the angiotensin AT1 receptor. J Clin Invest. 1999; 103:945-952. [PubMed:
10194466]

. Dechend R, Homuth V, Wallukat G, Kreuzer J, Park JK, Theuer J, Juepner A, Gulba DC, Mackman

N, Haller H, Luft FC. AT1 receptor agonistic antibodies from preeclamptic patients cause vascular
cells to express tissue factor. Circulation. 2000; 101:2382—-2387. [PubMed: 10821814]

10. Thway TM, Shlykov SG, Day MC, Sanborn BM, Gilstrap LC 3rd, Xia Y, Kellems RE. Antibodies

from preeclamptic patients stimulate increased intracellular Ca2* mobilization through angiotensin
receptor activation. Circulation. 2004; 110:1612-1619. [PubMed: 15381659]

. Herse F, Verlohren S, Wenzel K, Pape J, Muller DN, Modrow S, Wallukat G, Luft FC, Redman
CWG, Dechend R. Prevalence of agonistic autoantibodies against the Angiotensin Il type 1
receptor and soluble fms-like tyrosine kinase 1 in a gestational age-matched case study.
Hypertension. 2009; 53:393-398. [PubMed: 19064815]

. Zhou CC, Zhang Y, Irani RA, Zhang H, Mi T, Popek EJ, Hicks MJ, Ramin SM, Kellems RE, Xia

Y. Angiotensin receptor agonistic autoantibodies induce preeclampsia in pregnant mice. Nat Med.

2008; 14:855-862. [PubMed: 18660815]

Lorand L, Graham RM. Transglutaminases: crosslinking enzymes with pleiotropic functions. Nat

Rev Mol Cell Biol. 2003; 4:140-156. [PubMed: 12563291]

14. Dunn WB, Brown M, Worton SA, Crocker IP, Broadhurst D, Horgan R, Kenny LC, Baker PN,

Kell DB, Heazell AE. Changes in the metabolic footprint of placental explant-conditioned culture
medium identifies metabolic disturbances related to hypoxia and pre-eclampsia. Placenta. 2009;
11:974-980. [PubMed: 19775752]

Hager H, Gliemann J, Hamilton-Dutoit S, Ebbesen P, Koppelhus U, Jensen PH. Developmental
regulation of tissue transglutaminase during human placentation and expression in neoplastic
trophoblast. J Pathol. 1997; 181:106-110. [PubMed: 9072011]

Robinson N, Glazier JD, Greenwood SL, Baker PN, Aplin JD. Tissue transglutaminase expression
and activity in placenta. Placenta. 2006; 27:148-157. [PubMed: 16338459]

Robinson NJ, Baker PN, Jones CJ, Aplin JD. A role for tissue transglutaminase in stabilization of
membrane-cytoskeletal particles shed from the human placenta. Biol Reprod. 2007; 77:648-657.
[PubMed: 17625111]

Nakaoka H, Perez DM, Baek KJ, Das T, Husain A, Misono K, Im MJ, Graham RM. Gh: a GTP-
binding protein with transglutaminase activity and receptor signaling function. Science. 1994;
264:1593-1594. [PubMed: 7911253]

Vezza R, Habib A, FitzGerald GA. Differential signaling by the thromboxane receptor isoforms
via the novel GTP-binding protein, Gh. J Biol Chem. 1999; 274:12774-12779. [PubMed:
10212262]

Baek KJ, Kwon NS, Lee HS, Kim MS, Muralidhar P, Im MJ. Oxytocin receptor couples to the 80
kDa Gh alpha family protein in human myometrium. Biochem J. 1996; 315:739-744. [PubMed:
8645152]

Hypertension. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 10

Kuncio GS, Tsyganskaya M, Zhu J, Liu SL, Nagy L, Thomazy V, Davies PJ, Zern MA. TNF-a
modulates expression of the tissue transglutaminase gene in liver cells. Am. J. Physiol. 1998;
274:G240-245. [PubMed: 9486175]

Suto N, lkura K, Sasaki R. Expression induced by interleukin-6 of tissue-type transglutaminase in
human hepatoblastoma HepG2 cells. J Biol Chem. 1993; 268:7469-7473. [PubMed: 8096510]

Gundemir S, Colak G, Tucholski J, Johnson GV. Transglutaminase 2: a molecular Swiss army
knife. Biochim Biophys Acta. 2012; 1823:406—419. [PubMed: 22015769]

LaMarca BD, Ryan MJ, Gilbert JS, Murphy SR, Granger JP. Inflammatory cytokines in the
pathophysiology of hypertension during preeclampsia. Curr Hypertens Rep. 2007; 9:480-485.
[PubMed: 18367011]

Tal R. The role of hypoxia and hypoxia-inducible factor-1 Alpha in preeclampsia pathogenesis.
Biol Reprod. 2012; 87:134. [PubMed: 23034156]

Kirdly R, Demény M, Fésis L. Protein transamidation by transglutaminase 2 in cells: a disputed
Ca2+-dependent action of a multifunctional protein. FEBS J. 2011; 278:4717-4739. [PubMed:
21902809]

Li X, Shams M, Zhu J, Khalig A, Wilkes M, Whittle M, Barnes N, Ahmed A. Cellular localization
of AT1 receptor mRNA and protein in normal placenta and its reduced expression in intrauterine
growth restriction. Angiotensin |1 stimulates the release of vasorelaxants. J Clin Invest. 1998;
101:442-454. [PubMed: 9435317]

Tower CL, Lui S, Charlesworth NR, Smith SD, Aplin JD, Jones RL. Differential expression of
angiotensin Il type 1 and type 2 receptors at the maternal-fetal interface: potential roles in early
placental development. Reproduction. 2010; 140:931-942. [PubMed: 20837730]

Li H, Armando I, Yu P, Escano C, Mueller SC, Asico L, Pascua A, Lu Q, Wang X, Villar VA,
Jones JE, Wang Z, Periasamy A, Lau YS, Soares-da-Silva P, Creswell K, Guillemette G, Sibley
DR, Eisner G, Gildea JJ, Felder RA, Jose PA. Dopamine 5 receptor mediates Ang Il type 1
receptor degradation via a ubiquitin-proteasome pathway in mice and human cells. J Clin Invest.
2008; 118:2180-2189. [PubMed: 18464932]

AbdAlla S, Lother H, Langer A, el Faramawy Y, Quitterer U. Factor XIIIA transglutaminase
crosslinks AT1 receptor dimers of monocytes at the onset of atherosclerosis. Cell. 2004; 119:343—
354. [PubMed: 15507206]

Mary A, Achyuthan KE, Greenberg CS. The binding of divalent metal ions to platelet factor XIII
modulates its proteolysis by trypsin and thrombin. Arch Biochem Biophys. 1988; 261:112-121.
[PubMed: 2893589]

Engholm M, Eftekhari A, Chwatko G, Bald E, Mulvany MJ. Effect of cystamine on blood pressure
and vascular characteristics in spontaneously hypertensive rats. J Vasc Res. 2011; 48:476-484.
[PubMed: 21778764]

Cho BR, Kim MK, Suh DH, Hahn JH, Lee BG, Choi YC, Kwon TJ, Kim SY, Kim DJ. Increased
tissue transglutaminase expression in human atherosclerotic coronary arteries. Coron Artery Dis.
2008; 19:459-468. [PubMed: 18923241]

Li X, Wei XL, Meng LL, Chi MG, Yan JQ, Ma XY, Jia YS, Liang L, Yan HT, Zheng JQ.
Involvement of tissue transglutaminase in endothelin 1-induced hypertrophy in cultured neonatal
rat cardiomyocytes. Hypertension. 2009; 54:839-844. [PubMed: 19635990]

Karpuj MV, Becher MW, Springer JE, Chabas D, Youssef S, Pedotti R, Mitchell D, Steinman L.
Prolonged survival and decreased abnormal movements in transgenic model of Huntington
disease, with administration of the transglutaminase inhibitor cystamine. Nat Med. 2002; 8:143-
149. [PubMed: 11821898]

Dedeoglu A, Kubilus JK, Jeitner TM, Matson SA, Bogdanov M, Kowall NW, Matson WR, Cooper
AJ, Ratan RR, Beal MF, Hersch SM, Ferrante RJ. Therapeutic effects of cystamine in a murine
model of Huntington's disease. J Neurosci. 2002; 22:8942-8950. [PubMed: 12388601]

Fox JH, Barber DS, Singh B, Zucker B, Swindell MK, Norflus F, Buzescu R, Chopra R, Ferrante
RJ, Kazantsev A, Hersch SM. Cystamine increases L- cysteine levels in Huntington's disease
transgenic mouse brain and in a PC12 model of polyglutamine aggregation. J Neurochem. 2004;
91:413-422. [PubMed: 15447674]

Hypertension. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

38.

39.

40.

41.

42.

43.

44,

Page 11

Borrell-Pages M, Canals JM, Cordeliéres FP, Parker JA, Pineda JR, Grange G, Bryson EA,
Guillermier M, Hirsch E, Hantraye P, Cheetham ME, Néri C, Alberch J, Brouillet E, Saudou F,
Humbert S. Cystamine and cysteamine increase brain levels of BDNF in Huntington disease via
HSJ1b and transglutaminase. J Clin Invest. 2006; 116:1410-1424. [PubMed: 16604191]

Siegel M, Khosla C. Transglutaminase 2 inhibitors and their therapeutic role in disease states.
Pharmacol Ther. 2007; 115:232-245. [PubMed: 17582505]

Zhang J, Lesort M, Guttmann RP, Johnson GV. Modulation of the in situ activity of tissue
transglutaminase by calcium and GTP. J Biol Chem. 1998; 273:2288-2295. [PubMed: 9442073]
Andringa G, Lam KY, Chegary M, Wang X, Chase TN, Bennett MC. Tissue transglutaminase
catalyzes the formation of alpha-synuclein crosslinks in Parkinson's disease. FASEB J. 2004;
18:932-934. [PubMed: 15001552]

Nemes Z, Petrovski G, Aerts M, Sergeant K, Devreese B, Fésis L. Transglutaminase-mediated
intramolecular cross-linking of membrane-bound alpha-synuclein promotes amyloid formation in
Lewy bodies. J Biol Chem. 2009; 284:27252-27264. [PubMed: 19651786]

Watts SW, Priestley JRC, Thompson JM. Serotonylation of Vascular Proteins Important to
Contraction. PLoS ONE. 2009; 4:e5682. [PubMed: 19479059]

Peth A, Uchiki T, Goldberg AL. ATP dependent steps in the binding of Ub conjugates commit
them to degradation by the 26S proteasome. Mol Cell. 2010; 40:671-681. [PubMed: 21095592]

Hypertension. Author manuscript; available in PMC 2015 February 01.



Liuetal. Page 12

Hypertension. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

A

Placental TG activity
(milliunit/mg protein)

Page 13

25
) ;'; 2.0
i
To 15
€2
§ E 1.0
z g 0.5
0.0
NT
" IHC for TG2 IF for TG2
NT PE
4
3%
TG2 S5 e = -.-‘ -85KDF 33
Bg
Q=
3 N O m
o actin = E’ b
IHC for |sopept|de IF for isopeptide -43KD & =
-
a% ek
@ 2
83 2 £ _ 100
é 2 SE 75 &
® 44 (O
58’ S2 80
o= g2
o o g E 2.5
o
0.0

NT mild PE severe PE

Figure 1. Placental TG activity and tissue transglutaminase (TG2) areincreased in PE
(A) TG activity is significantly increased (approximately two-fold) in PE placental lysates

(*P value for PE versus NT placentas, n=3 NT and PE placentas). (B) Increased level of e-
(v-glutamyl)-lysine isopeptide is mainly localized to the syncytiotrophoblasts of human PE
placentas by IHC/IF dual staining. The quantification of color signal also shows a two-fold
increase in PE placentas (**P<0.01 PE placenta versus NT placenta; the color signal level of
NT placenta is arbitrarily assigned as 1 in each staining pair; n=5 pairs of randomly chosen
NT and PE placental slides stained). (C) Pronounced expression of tissue transglutaminase
(TG2) is localized at the syncytiotrophoblasts of human PE placentas by IHC/IF dual
staining. The quantification of color signal (bar graph) demonstrates an approximately two-
fold increase of TG2 in PE (*P<0.05 NT placenta versus PE placenta; the color signal level
of NT placenta is arbitrarily assigned as 1 in each staining pair; n=4 pairs of randomly
chosen NT and PE placental slides stained). (D) In PE the level of placental TG2 is
approximately three-fold higher than in NT as measured in Western blot with human
placental lysates after normalization with actin level (**P<0.01 NT versus PE, n=3 in NT
group, 4 in PE group). (E) Compared with NT controls (2.5£0.4 milliunit/ml), a higher level
of plasma TG activity is identified in either mild PE (6.3£0.5 milliunit/ml) or severe PE
(9.7£0.7 milliunit/ml) with in vitro TG activity assay (Sigma-Aldrich, MO) (**P<0.01 NT
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(n=25) versus mild PE (n=25) or severe PE (n=25); ++P<0.01 mild PE versus severe PE).
Data in Figure 1 represent mean+S.E.M. from indicated experiments.
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Figure 2. AT 1 receptor is modified with e-(y-glutamyl)-lysine isopeptide isopeptide in PE
placentas

(A) Following immunoprecipitation of proteins with e-(y-glutamyl)-lysine isopeptide
modification, AT1 receptor was identified by Western blot in immunoprecipitated products
from human PE placental lysates, not NT placental lysates (n=2 randomly chosen patient
samples in each category). (B) Following immunoprecipition, more AT1 receptor with
isopeptide modification was observed in PE placental lysates by Western blot (n=3
randomly chosen patient samples in each category). (C) AT1 receptor (red) and e-(y-
glutamyl)-lysine isopeptide (green) co-localize (yellow) in the syncytiotrophoblasts of
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human PE placenta, accompanied with higher levels of AT1 receptor and proteins with
isopeptide modification. Staining result is representative in 4 pairs of randomly chosen NT
and PE placental slides.
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Figure 3. Cystamine and siRNA-mediated TG2 knockdown alleviate placental isopeptide
modifications and clinical features of PE in autoantibody-induced mouse model

(A) The increase in systolic blood pressure is prevented by TG inhibitor cystamine in PE
mice (*P<0.05, **P<0.01 NT IgG versus PE 1gG; +P<0.05, ++P<0.01 PE IgG versus PE
IgG+cystamine; n=6 mice in each group). (B) Proteinuria in PE mice is also ameliorated by
cystamine treatment (**P<0.01 NT IgG versus PE 1gG; ++P<0.01 PE IgG versus PE IgG
+cystamine; =6 mice in each group). (C) Accumulation and isopeptide modification of
placental AT1 receptors are inhibited by cystamine treatment. After the mouse placental
lysates were pre-cleared with blank protein A beads, AT1 receptor in the lysates was
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immunoprecipitated with rabbit anti- AT1 receptor antibody (N10, Santa Cruz), and
subsequently its isopeptide modification level was determined by Western blot probing for
isopeptide (ab422, Abcam). The placental AT1 receptor is assessed in Western blot directly
with goat anti-AT1 receptor antibody (7aa, Bethyl labs). (D) Cystamine treatment represses
PE lgG-induced increase in plasma TG activity in pregnhant mice. Murine plasma collected
with EDTA as anti-coagulant on E18 were assayed in in vitro TG activity assay (Covalab,
France). (*P<0.05, NT IgG versus PE IgG; +P<0.05, PE IgG versus PE IgG+cystamine;
n=4 mice in PE 1gG group, 6 mice in other groups) (E) Overall e-(y-glutamyl)-lysine
isopeptide modification (green in IF staining) in the placental labyrinth zone of PE mice is
downregulated by cystamine treatment, as by losartan (n=6 mice in each group). (F) TG2 is
significantly reduced in placentas of PE mice injected with TG2 siRNA. The protein level of
TG2 in mouse placentas collected on Embryonic Day 18 was evaluated by Western blot
analysis. After normalization with actin levels, the quantification shows that the TG2 level is
significantly lower in the placentas of PE mice injected with TG2 siRNA (*P<0.05 PE IgG
+control siRNA versus PE IgG+TG2 siRNA; n=4 mice in each group). (G) Tissue
transglutaminase (tTG) siRNA thwarted blood pressure increase in PE mice from E15 to
E17 (*P<0.05 PE IgG+control siRNA (n=6 mice) versus PE 1gG+tTG siRNA (n=5 mice)).
(H) Proteinuria is also alleviated in TG2 siRNA-injected PE mice (*P<0.05 PE IgG+control
SiRNA versus PE IgG+TG2 siRNA; n=4 mice in each group). (I) Accumulation of &-(y-
glutamyl)-lysine isopeptide modification (green in IF staining) is repressed in the placental
labyrinth zone of PE mice injected with TG2 siRNA (n=6 mice in PE IgG+control sSiRNA
group, 5 mice in PE 1gG+TG2 siRNA group).
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Figure 4. TG2-mediated isopeptide modification on Q315 of AT1 receptor stabilizesthe receptor
via preventing ubiquitination

(A) PE IgG promotes the interaction between AT1 receptors and tissue transglutaminase
(TG2) in human trophoblast cell line HTR-8/SVneo cells. Compared with NT 1gG (100 pg),
the interaction between AT1 receptors and TG2 was enhanced after 4-hour treatment with
PE 1gG (100 pg) at 37 °C. TG2 and its associating proteins were immunoprecipitated, and
the presence/abundance of AT1 receptors in the pulldown products was assessed by Western
blot. (n=3 independent experiments) (B) TG inhibitor cystamine (500 uM) represses PE 1gG
(200 pg)-induced accumulation and isopeptide modification of AT1 receptors. After 4-hr
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treatment at 37 °C, AT1 receptors in the treated cells were immunprecipitated with rabbit
anti-AT1 receptor antibody (N10, Santa Cruz), and the isopeptide modification and AT1
receptor level of the pulldown products were evaluated in Western blot with mouse anti-
isopeptide antibody (ab422, Abcam) and goat anti-AT1 receptor antibody (7aa, Bethyl
Labs), respectively. (n=3 independent experiments) (C) AT1 receptor antagonist losartan (5
UM) prevents PE 1gG (100 pg)-induced accumulation and isopeptide modification of AT1
receptor in trophoblast cell line HTR-8/SVneo cells as well (n=3 independent experiments).
The IP procedure was identical to B. (D) AT1 receptor accumulates rapidly in MG132 (20
UM, proteasome inhibitor)-treated, but not chloroquine (CHQ, 200 uM, a lysosome
inhibitor)-treated, trophoblasts. AT1 receptor in the treated cells was concentrated by
immunprecipitation with rabbit anti-AT1 receptor antibody (N10, Santa Cruz), and then the
level of enriched AT1 receptor was determined by Western blot analysis with goat anti-AT1
receptor antibody (7aa, Bethyl Labs). Q315A AT1 receptor mutant is less abundant in cells
(E) and resistant to TG2-mediated isopeptide modification (F) (n=3 independent
experiments). The IP and western blot procedure in F was similar to B. (G) Poly-
ubiquitination and mono-ubiquitination levels of immunoprecipitated AT1 receptor are
elevated in Q315A mutant cells treated with proteasome inhibitor MG132 (20 uM) (n=3
independent experiments). (H) Reciprocally, increased mono-ubiquitinated AT1 receptor is
identified in the ubiquitinated proteins of Q315A mutant cells. The increase in mono-
ubiquitinated AT1 receptor Q315A mutant was not changed by Ang Il (100 nM) treatment
that decreased the level of mono-ubiquitinated wild type AT1 receptor.
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