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suggesting that this may be a viable approach to antithrombotic management of patients.
increase in STUB1 can prevent thrombosis but does not prolong bleeding in mouse models of kidney disease,
factor, a vascular wall protein that triggers the coagulation signaling cascade. The authors demonstrated that 
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Targeting STUB1–tissue factor axis normalizes
hyperthrombotic uremic phenotype without increasing
bleeding risk
Moshe Shashar,1* Mostafa E. Belghasem,2* Shinobu Matsuura,3 Joshua Walker,1 Sean Richards,1

Faisal Alousi,1 Keshab Rijal,1 Vijaya B. Kolachalama,3 Mercedes Balcells,4,5 Minami Odagi,6

Kazuo Nagasawa,6 Joel M. Henderson,2 Amitabh Gautam,7 Richard Rushmore,8 Jean Francis,1

Daniel Kirchhofer,9 Kumaran Kolandaivelu,4,10 David H. Sherr,11 Elazer R. Edelman,4,10

Katya Ravid,3 Vipul C. Chitalia1,2,3†

Chronic kidney disease (CKD/uremia) remains vexing because it increases the risk of atherothrombosis and is
also associated with bleeding complications on standard antithrombotic/antiplatelet therapies. Although the
associations of indolic uremic solutes and vascular wall proteins [such as tissue factor (TF) and aryl hydrocarbon
receptor (AHR)] are being defined, the specific mechanisms that drive the thrombotic and bleeding risks are not
fully understood. We now present an indolic solute–specific animal model, which focuses on solute-protein
interactions and shows that indolic solutes mediate the hyperthrombotic phenotype across all CKD stages in
an AHR- and TF-dependent manner. We further demonstrate that AHR regulates TF through STIP1 homology
and U-box–containing protein 1 (STUB1). As a ubiquitin ligase, STUB1 dynamically interacts with and degrades
TF through ubiquitination in the uremic milieu. TF regulation by STUB1 is supported in humans by an inverse
relationship of STUB1 and TF expression and reduced STUB1-TF interaction in uremic vessels. Genetic or phar-
macological manipulation of STUB1 in vascular smooth muscle cells inhibited thrombosis in flow loops. STUB1
perturbations reverted the uremic hyperthrombotic phenotype without prolonging the bleeding time, in con-
trast to heparin, the standard-of-care antithrombotic in CKD patients. Our work refines the thrombosis axis
(STUB1 is a mediator of indolic solute–AHR-TF axis) and expands the understanding of the interconnected re-
lationships driving the fragile thrombotic state in CKD. It also establishes a means of minimizing the uremic
hyperthrombotic phenotype without altering the hemostatic balance, a long-sought-after combination in
CKD patients.

INTRODUCTION
Chronic kidney disease (CKD/uremia) imposes a strong and indepen-
dent risk for both venous and arterial thrombosis in addition to con-
ventional risk factors (1–4). CKD-associated thrombotic propensities
introduce variability, which is not accounted for in the clinical throm-
bosis risk assessment nor targeted by contemporary antithrombotic/
antiplatelet therapies. This variability contributes to their suboptimal
efficacy in several clinical postinjury arterial thrombosis scenarios
such as angioplasty, stenting, or vascular surgeries in CKD patients
(2, 5–7).

Vessel wall factors are critical triggers for the postvascular injury
thrombosis, where denuded endothelium and exposed vascular smooth
muscle cells (vSMCs) create a highly reactive vascular bed. Tissue factor

(TF), a potent procoagulant protein and the driver of postinjury throm-
bosis models, is two- to threefold higher in vSMCs in the uremic milieu
and enhances thrombosis (8, 9). Retention of a distinct set of metabo-
lites characterizes the state of uremia, including indolic solutes such as
indoxyl sulfate (IS), which are particularly vasculotoxic (10). They en-
hanceTF expression by activating the aryl hydrocarbon receptor (AHR)
pathway, and AHR antagonists destabilize and down-regulate TF in the
uremic milieu (11). Although IS and AHR are emerging regulators of
TF, their contribution to the thrombotic uremic milieu and the mech-
anism in CKD warrant further elucidation, because better understand-
ing will help design improved approaches to minimize CKD-specific
thrombosis risk.

It is also imperative to weigh the antithrombotic benefit of the ap-
proach to bleeding risk in CKD patients, because uremia is a state of
bleeding diathesis (12). This risk is further exacerbated by current anti-
thrombotics (13), which target the hemostatic defenses in the blood.
Even newer antithrombotics that are deemed safer, although not tested
specifically in the uremic milieu, may function suboptimally in CKD,
because none target CKD-specific risk factors (14) and may paradoxi-
cally enhance thrombosis due to altered baseline platelet reactivity in
CKD (15). Targeting CKD-associated thrombotic factors is likely to
lower the thrombosis risk to non-CKD range and may create a milieu
more conducive to current antithrombotics/antiplatelet agents. Such a
strategy is also likely to be safer, because it will leave the hemostatic de-
fense in blood intact.

We demonstrate IS as an AHR-dependent mediator of the hyper-
thrombotic uremic milieu all across the CKD spectrum and show that
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AHR regulates TF through the STIP1 homology andU-box–containing
protein 1 (STUB1), a ubiquitin ligase.We also demonstrate that the per-
turbation of STUB1 reverts theCKD-associated thrombosis risk to non-
uremic range without altering hemostasis.

RESULTS
IS mediates a hyperthrombotic uremic phenotype in an
AHR- and TF-dependent manner across the spectrum of CKD
Toexamine themediators of the hyperthrombotic uremicmilieu in vivo,
we considered different animal models of CKD (16). The renal damage
inflicted in all of theseCKDmodels results in retention of awhole host of
uremic solutes and precludes probing of a thrombosis axis initiated by a
specific uremic solute. Furthermore, contrary to human CKD, 5/6
nephrectomy model of CKD failed to show enhanced thrombosis (17).
Therefore, we set out to create a solute-specific animal model that faith-
fully recapitulates the hyperthrombotic uremic phenotype. Because IS
increasesTF (8, 11, 18), we hypothesized that ISwill enhance thrombosis.
Toward that end, we developed an animal protocol to increase the amount
of IS similar to that seen inpatientswith advancedCKD[CKDstage5/end-
stage renal disease (ESRD)]byadministering ISand inhibiting its excretion
through the organic anion transporter (OAT) channel using probenecid
(19). Of the different tested protocols, a combination of IS (4 mg/ml) in
water given ad libitum and probenecid (150 mg/kg, intraperitoneally)
twice a day increased IS concentrations beyond those of ESRD patients
andwas selected for further experiments (Fig. 1Aand fig. S1A).Probenecid
used in this model inhibited renal excretion of IS. Given the ubiquitous
expression ofOAT channels (19), probenecidmay also compromise the
entry of IS into the cells. However, we posited that high blood concen-
tration of IS resulting from the above protocol will ensure sufficient in-
tracellular IS concentrations to activate AHR, even in the presence of
probenecid. Toward that end,we examinedAHRactivation in the vessels
ofmice that received IS + probenecid, using anAHRdecay assay (fig. S1,
B andC). The assay is based on the observation thatAHRactivationwith
an agonist ligand such as IS eventually results in the degradation of AHR
protein (11). Thus, AHR expression is likely to be lower in the vessels of
animals exposed to IS + probenecid if intracellular concentration of IS
rises in the presence of probenecid. The aortae of IS + probenecid mice
harvested at different time points showed a significant (P values ranging
from 0.003 to <0.001) and persistent reduction in AHR throughout the
durationof exposure, as compared toprobenecid controls (fig. S1,BandC).
In addition, a striking increase in TF was observed in their aortae (fig.
S1D). Together, these data show that the increase in IS concentrations
in the vessel walls is sufficient to activate AHR-TF signaling in mice ex-
posed to IS + probenecid.

After confirming the activation of the AHR-TF axis in the vessel
walls of these animals, we examined thrombogenicity in the carotid ar-
tery with the FeCl3 postinjury thrombosis model (20). The primary end
point was time to occlusion (TtO), which corresponds to the carotid
blood flow between 0 and 0.2 ml/min (Fig. 1B and fig. S1E) (20) and
was validated by the presence of an occlusive thrombus at the site of
injury (Fig. 1C). Froma range of FeCl3 concentrations tested, 10%FeCl3
resulted in the smallest SD andwas adopted for subsequent experiments
(fig. S1F).

Under these optimized conditions, IS significantly (P =0.001) re-
duced TtO (Fig. 1D), which was reversed with the AHR antagonist
CH223191 (P = 0.005) (11) or previous infusion of a prevalidated anti-
mouse anti-TF neutralizing antibody (P= 0.021; Fig. 1E) (21). To further
confirm the thrombogenicity of IS, we induced thrombosis by photo-

activated rose bengal dye, which produces singlet oxygen to damage
endothelial cell membranes (22). Consistent with the FeCl3 model,
IS-treated animals showed a significant reduction in TtO after photo-
chemical injury (P=0.017; Fig. 1F).Whereas these twomodels examined
the prothrombotic properties of IS at concentrations corresponding to
advanced CKD, we next probed its role in early stages of CKD, because
patients with mild CKD are also predisposed to enhanced thrombosis
(11, 23). IS concentrations corresponding to the different stages of CKD
were achieved in the blood of animals by titrating the IS concentration
in water. Resultant blood concentrations of IS were determined and
correlated to the TtO. The data showed a significant inverse correlation
between TtO and IS concentrations corresponding to all CKD stages
(P < 0.0001; Fig. 1G). Overall, the above results support IS as an AHR-
and TF-dependent mediator of the hyperthrombotic uremic milieu
across the entire CKD spectrum.

AHR regulates TF through STUB1, a ubiquitin ligase for TF
Because the above data implicated IS as a strong contributor to the hy-
perthrombotic uremic phenotype, we further probed themechanism of
IS-induced changes in AHR/TF, which promote thrombogenicity. We
found that STUB1, a ubiquitin ligase and an AHR interactor, mediated
the effect of IS/AHR on TF (24). STUB1 silencing in primary human
aortic vSMCs and human umbilical vein endothelial cells (thrombosis-
relevant cell types) showed significantly increased TF expression (P =
0.001) (Fig. 2A and fig. S2A) and TF activity in both uremic and non-
uremic milieu (Fig. 2B). In line with STUB1’s ubiquitin ligase function
(24, 25), STUB1-silenced vSMCs showed a significantly (P < 0.001) pro-
longed TF half-life under the uremic condition, from 3.25 hours tomore
than 8 hours (Fig. 2, C and D), and reduced ubiquitination (fig. S2B).
CB7993113, a competitive AHR antagonist (11), reduced TF expression
by 80% (from 1.0 to 0.21), whereas it was only reduced by 30% (from 2.7
to 1.98) with a concomitant STUB1 silencing (Fig. 2E). STUB1 silencing
also abrogated CB7993113-mediated TF ubiquitination in the uremic
milieu (Fig. 2F). Consistent with the above results, mesenchymal embry-
onic fibroblasts (MEFs) from STUB1 knockout (KO) animals (25)
showed a significant increase in TF expression (P = 0.001) and activity
(P = 0.003) and reduced TF ubiquitination (fig. S2, C to E). Ubiquitin
ligase–dependent STUB1 regulation of TF was further demonstrated
using a ubiquitin ligase–deficient H260Q STUB1mutant (25). Com-
pared to STUB1wild-type (WT), theH260Qmutant showed little effect
on TF ubiquitination (fig. S2F). The above results suggest that STUB1
mediates TF ubiquitination and that AHR antagonist augments TF
down-regulation through STUB1.

Uremia-dependent STUB1-TF interaction is dynamic
Ubiquitination is a nonlinear process consisting of a complex interdigi-
tated set of regulated steps, which include ubiquitin activation, conju-
gation, and transfer of the ubiquitin moiety to the target molecule (26).
This process requires a precise and dynamic interaction between a ligase
and its putative target. Reciprocal immunoprecipitation assays in
vSMCs demonstrated that anti-TF antibodies coimmunoprecipitated
STUB1 and vice versa (fig. S3A). An in vitro binding assay demon-
strated a direct binding of recombinant STUB1 to purified human TF
protein (Fig. 3A). Immunofluorescence studies showed colocalization
of STUB1 and TF predominantly in the cytosol of vSMCs in normal
human artery and cultured vSMCs with Pearson’s correlation coeffi-
cients of 0.50 and 0.82, respectively (fig. S3, B to F) (27). Although these
data indicated a constitutive interaction between STUB1 and TF, the
STUB1-TF interactionwas dynamic anddependent on the uremic status.
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STUB1-TF interaction reduced substantially with IS (Fig. 3B) and
increased within 20 min of AHR antagonist treatment. This rapidity
of increased STUB1-TF interaction induced by AHR antagonist is
consistentwith the previously observed restoration of TF ubiquitination
and shortened TF half-life with AHR antagonist (11). Together, the
above data suggest that uremia reduces STUB1-TF interaction and sta-
bilizes TF and that AHR antagonists rapidly restore this interaction.

Furthermore, the site of interaction of STUB1 and TF corroborated
the above binding pattern. Because STUB1 is a cytosolic protein (28)
and TF has a cytosolic C terminus (fig. S3G) (29), STUB1 is likely to
target the C-terminal tail of TF. Domain mapping was performed by
comparing the WT TF (TF-WT) with a TF truncation lacking its C
terminus (TFdelC). STUB1 interacted with TF-WT but not TFdelC

(Fig. 3C) and down-regulated it (but not TFdelC) by 70% (time, 0;
Fig. 3, D and E). STUB1 also significantly shortened the half-life of
TF-WT (P= 0.006) (fig. S3H) and increased its ubiquitination (Fig. 3F).
STUB1 did not destabilize (Fig. 3E and fig. S3I) or ubiquitinate TFdelC
(Fig. 3F), indicating that STUB1 targets the C-terminal tail of TF for
ubiquitination and degradation.

STUB1-TF relationship in human tissue is uremia-dependent
Dynamic interaction with and regulation of TF by STUB1 were further
substantiated in human vascular tissue using immunofluorescence
studies of explanted arteriovenous fistulae (AVFs), unique vascular con-
duits required in patients with advanced CKD, which are frequently
prone to thrombosis (30). The vSMCs within the walls of AVF explants

Fig. 1. IS mediates a hyperthrombotic uremic phenotype
in an AHR-dependent manner across CKD stages. (A) Mean
blood concentrations of IS in 10- to 14-week-oldmale and female
C57BL/6 mice (n = 5 per time point) are shown. The P values cor-
respond to an increase in IS concentrations compared to the pro-
benecid group. No differences in blood concentrations of IS were
noted between male and female mice. The dashed line repre-
sents the average concentration of IS in ESRD patients (11, 47).
Student’s t test was performed. Data are shown as means ± SD.
(B) Representative traces of carotid artery flow in C57BL/6 animals
before and 20 min after the application of 10% FeCl3 (n = 8 per
group). The time for the blood flow to drop below 0.299 ml/min
was considered as TtO (arrow). (C) Representative images from
hematoxylin and eosin–stained carotid arteries collected after
the FeCl3 procedure. Representative images from six vessels per
group are shown. Scale bars, 25 mm. RT, right; LT, left. (D) Mean

TtO (n=8per group) after 5 days of exposure to IS and IS +CH223191. Student’s t testwas performed. Data are shownasmeans± SD. (E)Micewere exposed to probenecid+ IS for
5 days and then subjected to the FeCl3 thrombosis assay. Thirtyminutes before the assay, control antibody or rat anti-mouse TF neutralizing antibodywas administered.Mean TtO
(n = 6 per group) is shown. Data are shown as means ± SEM. (F) Mean TtO in the photochemical thrombosis model in probenecid and probenecid + IS mice (n = 6 per group).
Student’s t test was performed. Data are shown as means ± SEM. (G) Relationship between TtO and different concentrations of IS in 16 animals. IS concentrations from
different stages of human CKD are shown (3, 11). A Pearson correlation analysis was performed.
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expressed both STUB1 and TF (Fig. 3G). On the basis of the above data
(Fig. 2, A, C, and E), we posited an inverse relationship between STUB1
and TF in the uremic milieu. However, the precise demonstration of a
relationship between proteins requires their quantification, which is
challenging in heterogeneous human tissues using conventional
methods (31). Therefore, we developed an object-level intensity estima-
tion algorithm to quantify TF and STUB1 expressions. The results
showed a strong inverse correlation between TF and STUB1 expression
in the vSMCs in the walls of AVFs (Fig. 3, H and I, and table S1). We
further posited that reduced STUB1-TF interaction in vSMCs induced
by IS (Fig. 3B) is likely to reduce STUB1-TF colocalization in the uremic
vessel wall. To this end, we compared the STUB1-TF colocalization in

human AVF (uremic vessel) and vessels from non-CKD patients (non-
uremic control) using a customized colocalization algorithmwith pixel-
level analysis (table S1). The results showed an almost 50% reduction in
the colocalization of STUB1-TF in uremic compared to nonuremic hu-
man vessels (Fig. 3, J and K). Together, these results indicate STUB1’s
direct and dynamic interaction with and regulation of TF.

STUB1 modulation regulates postinterventional thrombosis
TF from exposed vSMCs is a critical trigger of postinjury thrombosis,
especially in the uremic milieu (8, 9). We examined the effect of STUB1
on thrombosis using the flow-loop system (32), a validated model of
postinterventional thrombosis (Fig. 4, A and B). It specifically examines

Fig. 2. STUB1 destabilizes and ubiquitinates TF and mediates TF regulation by AHR. (A) Lysates from primary human aortic vSMCs transfected with control (Csi) or
STUB1 silencing oligonucleotides (STUB1si ) were probed for TF and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using ImageJ. Equal amounts
of lysates were separately probed for STUB1 to avoid stripping of blots for the proteins with molecular weights in close range, a strategy also applied to other figures.
Expression of TF and STUB1 normalized to the loading control is shown below this and subsequent Western blots. A representative figure from four independent
experiments is shown. (B) vSMCs pretransfected with Csi and STUB1si were stimulated with 5% of the indicated type of serum for 24 hours. A mean TF activity of two
independent experiments performed in duplicates is shown. Student’s t test was performed. Number sign (#) corresponds to TF activity in Csi vSMCs treated with
uremic compared to control serum. Other P values correspond to STUB1-silenced compared to Csi cells. Data are shown as means ± SD. (C) vSMCs pretransfected with
Csi and STUB1si grown in 5% uremic serum for 24 hours and then treated with cycloheximide (80 mM) to inhibit protein translation for the indicated time. Equal
amounts of lysates were probed separately to confirm STUB1 silencing. TF expression normalized to the loading control is depicted below the blot. A representative
figure from four independent experiments is shown. (D) Densitometry of normalized TF expression is represented as the percentage of TF at time 0. The time to reach
50% of initial TF was considered as the half-life of TF. An average of four experiments is shown. Data are shown as means ± SD. (E) vSMCs pretransfected with Csi and
STUB1si were treated with 5% uremic serum with or without the AHR antagonist CB7993113 (20 mM) or vehicle for 24 hours. A representative of two independent
experiments performed in duplicate is shown. (F) vSMCs pretransfected with Csi and STUB1si were treated with 5% uremic serum + 20 mM CB7993113 (12 hours) and 10 mM
MG132 (4 hours) before harvest. The lysates immunoprecipitated with anti-TF antibody were probed with anti–ubiquitin (Ub) antibody. Five percent of lysates are shown as
inputs. A representative of three independent experiments is shown. IP, immunoprecipitation; WB, Western blotting.
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Fig. 3. A dynamic STUB1-TF inter-
actiondependson theuremic status.
(A) Recombinant GST-tagged STUB1
protein was immobilized on glutathi-
one S-transferase (GST) beads and trea-
ted with lipidated human recombinant
TF (rhTF) protein for 4 hours. Eluents
wereprobed forboundTF. Fivepercent
of recombinant GST-tagged STUB1
stained with Coomassie and recom-
binant TF are shown as inputs. Repre-
sentative immunoblots from four
independent experiments are shown.
(B) vSMCswerepretreatedwith 10mM
IS (24 hours) and 20 mM CH223191
(20 min) followed by immunoprecipi-
tation using anti-STUB1 antibody, and
the eluents were probed for TF. The
strippedblotwas reprobed for STUB1.
Five percent of cell lysates are shown
as inputs. Representative blots from
three independent experiments are
shown. DMSO, dimethyl sulfoxide.
(C) Human embryonic kidney (HEK)
293T cells stably expressing FLAG-
taggedWTTF (TF-WT) or TFC-terminal
truncation (TFdelC) were transfected
withmyelocytomatosis (MYC)–tagged
STUB1. Cell lysates were immunopre-
cipitated with FLAG or MYC anti-
bodies, and coimmunoprecipitated
proteins were detected using MYC
and FLAG antibodies. Five percent
of lysates were probed as inputs. A
representative of two independent
experiments done in duplicates is
shown. (D) HEK293T cells coexpress-
ing FLAG-tagged WT TF and empty
vector (control) or MYC-tagged STUB1
plasmids were treated with cyclohexi-
mide for the indicated amount of time.
The TF bands were normalized to
GAPDH. Equal amounts of lysates
were probed for MYC-tagged STUB1.
A representative of three independent
experiments is shown. (E) HEK293T
cells coexpressing FLAG-tagged
TFdelC and empty vector (control) or
MYC-tagged STUB1 were processed
as in (D). A representative from three
independent experiments is shown. (F) HEK293T cells coexpressing FLAG-taggedWT TF (WT) or TFdelC (delC) alongwithMYC-tagged STUB1were treatedwith 10 mMMG132 for
16 hours. The lysateswere immunoprecipitatedwith anti-TF antibodies andprobed for ubiquitin. The strippedblotwas reprobedwith FLAG. Fivepercent of the cell lysates are shown
as inputs. Representative immunoblots from three independent experiments are shown. (G) Confocal images of paraffin-embedded sections of an explantedAVF froma 42-year-old
male with stage 5 CKD stainedwith anti-TF and anti-STUB1 antibodies are shown. In different areas of the sameAVF, cells with lower STUB1 and higher TF expression aremarked by
asterisks (*), and cells showing the opposite pattern are marked by crosses (+). The images shown are representative of eight immunofluorescence images acquired from four
CKD/ESRD patients. Scale bar, 100 mm. (H) Pipeline of object recognition algorithm developed to correlate cell-level intensity distributions of STUB1 with TF (see Materials and
Methods for more details). (I) Eight immunofluorescence images from four explanted AVFs from CKD/ESRD patients were analyzed using an object recognition algorithm. The
intensities of TF and STUB1 within image objects containing vSMCs (average of 187 cells per image; total, 1501 cells) were quantified and averaged for each image. Data are
shown as means ± SD. (J) Confocal images of paraffin-embedded sections of an explanted AVF from a 47-year-old CKD patient (uremic) and a popliteal artery from a 53-year-old
malewithnormal renal function (nonuremic) (table S1) stainedwith anti-TF and anti-STUB1antibodies. Two representatives froma total of eight uremic andnonuremic images are
shown. L, lumen; S, subendothelium; M, medium. Asterisks (*) mark areas of cells with low STUB1 and high TF expression similar to those in (G). Scale bars, 100 mm. (K) Confocal
images acquired from four explantedAVFs fromCKD/ESRDpatients and popliteal arteries frompatientswith normal renal functionwere analyzedusing apixel-level colocalization
algorithm. Percentage colocalization of TF-STUB1 was defined as the fraction of pixels with intensity values greater than image-specific thresholds for STUB1 and TF and was
compared between the two groups. Data are shown as means ± SD.
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Fig. 4. STUB1 modulation regulates TF activity and thrombosis in a postvascular interventional model. (A) Scheme of flow-loop preparation. (B) The flow-loop system
consists of silastic loops loaded on rotor stages and driven bymotors andmotion controllers. The tubes injectedwith the humanblood are subjected to coronary-like flow pattern
until clotting appears. The wall motion creates bidirectional flows that are measured via onboard, extracorporeal flow probes built into the rotor stages. (C) A representative tube
from six independent flow loops seeded with STUB1WT and KOMEFs is shown (n = 6 per group). (D) Average Hb and LDH from clotted flow loops lined with STUB1WT and KO
MEFs (n = 6 per group). Student’s t test was performed. Data are shown as means ± SEM. (E) Top: Structure of YL-109 (33). Bottom: Primary human aortic vSMCs seeded on
fibronectin-coated tubes were stimulated with IS (10 mM) with or without YL-109 (25 mM) for 24 hours before loading. A representative tube from six independent flow loops in
each group is shown. (F) Average Hb and LDH from clotted flow loops pretreated with IS with or without YL-109 (n = 6 per group). Data are shown asmeans ± SEM. (G) Lysates of
vSMCs pretreated with 5% uremic serum along with the indicated amount of YL-109 for 24 hours were probed for TF and GAPDH. An equal amount of lysates was probed for
STUB1. Representative blots from three independent experiments are shown. Student’s t test was performed, and asterisk (*) indicates significant changes in TF and STUB1
expressions compared to 5% uremic serum (P < 0.05). (H) A serum-starved confluent monolayer of vSMCs was treated with 5% uremic serum and YL-109 at different concentra-
tions, and TF activity wasmeasured in picomolar and normalized to 103 cells. An average of two independent experiments performed in duplicates is shown. A log dose of YL-109
was plotted against TF activity. Data are shown as means ± SD. (I) Primary human aortic vSMCs cotransfected with the FLAG-tag TF and hemagglutinin (HA)–tag ubiquitin
plasmids were treated with IS (50 mM) with or without YL-109 (20 mM) for 24 hours and with MG132 (5 mM) for 16 hours before harvest. The lysates were immunoprecipitated
using anti-FLAG antibody and probed with anti-HA antibody. Five percent of whole-cell lysates were separately probed for STUB1. A representative blot of three independent
experiments is shown.

S C I ENCE TRANS LAT IONAL MED I C I N E | R E S EARCH ART I C L E

Shashar et al., Sci. Transl. Med. 9, eaam8475 (2017) 22 November 2017 6 of 11

 by guest on Novem
ber 22, 2017

http://stm
.sciencem

ag.org/
Downloaded from

 

http://stm.sciencemag.org/


the blood and vessel wall factor interactions under humanized rheolog-
ical conditions and can recapitulate thrombosis in the uremicmilieu (8).
The flow loops with STUB1 KO MEFs showed more clot formation
(Fig. 4C) and a significantly higher clot burden [increased hemoglobin
(Hb),P=0.007; lactate dehydrogenase (LDH),P=0.002; Fig. 4D).Next,
the effect of STUB1 up-regulation on thrombosis was examined using
2-(4-hydroxy-3-methoxyphenyl)benzothiazole (YL-109) (Fig. 4E).
YL-109, an analog of 2-(4-amino-3-methylphenyl)benzothiazole, is a
preclinical compound with tumor-suppressive properties (33, 34).
Being a ligand of AHR, YL-109 binding to AHR elicits its nuclear
translocation to induce the transcription of STUB1 gene (33). In our
model, YL-109 significantly (Hb, P = 0.023; LDH, P = 0.017) inhibited
IS-induced thrombosis in the flow loops (Fig. 4F). Similarly, we ob-
served a dose-dependent reduction in TF expression and activity along
with doubling of STUB1 in vSMCs (Fig. 4, G and H, and fig. S4). Be-
cause YL-109 increases STUB1 expression, it is likely to enhance TF
ubiquitination, which was examined using coexpression of ubiquitin
and TF in the presence of uremic serum. YL-109 treatment increased
the higher–molecular weight polyubiquitinated TF in vSMCs (Fig. 4I).
Together, these genetic and pharmacological manipulations of STUB1
in vSMCs lining the flow loops consistently demonstrated a regulation
of thrombosis by STUB1 in a cell type–specific manner.

IS-AHR-STUB1 axis modulation reverses the
hyperthrombotic uremic phenotype to non-CKD range
without altering hemostasis
We next examined whether augmented STUB1 suppressed the hyper-
thrombotic uremic milieu in vivo using the indolic solute–specific
animal model (Fig. 1). The effects were compared to heparin, which
is a standard-of-care antithrombotic in CKD patients (Fig. 5A). Com-
pared to the IS group, YL-109 significantly (P = 0.005) prolonged the
TtO (Fig. 5, B and C) with no differences in IS concentration between
these groups (fig. S5A). Because STUB1-TF is a CKD-specific thrombo-
tic pathway, we posited that its targeting by YL-109 is likely to revert the
thrombogenicity to the non-CKD range. Therefore, we compared the
effect of YL-109 to the probenecid (non-CKD) controls. The results
showed no difference in TtOwith IS + YL-109 compared to probenecid
controls. On the other hand, heparin at a dose considered therapeutic in
humans (35) significantly (P = 0.001) prolonged TtO compared to both
IS and probenecid controls (Fig. 5C). YL-109–treated animals showed a
significant increase in STUB1 (P=0.004) and decrease inTF (P= 0.001)
in their aortae (Fig. 5D and fig. S5B). To further probe a quantitative
link between changes in TF expression and thrombogenicity in vivo,
we correlated the reduction of TF in the aortic lysates of individualmice
exposed to IS + YL-109 to the prolongation of TtO. We hypothesized
that both these parameters will inversely correlate should the reduction
in TF expression in the vessel wall reduce the thrombogenicity in the
uremic milieu. A significant negative correlation (Spearman rho =
−0.833 and P = 0.02) between the reduction in TF within the vessel wall
and prolongation of TtOwas observed inmice treatedwithYL-109 (Fig.
5E). Together, these data strongly suggest that reduction in TF by STUB1
regressed the hyperthrombotic uremic phenotype to thenon-CKDrange.

Because the solute-specific animal model partially recapitulates the
uremic phenotype, these results warranted further validation in an
established model of CKD. Among the different animal models of
CKD, the proteinuric CKD model and hypertensive model are likely
to confound the thrombosis assay due to loss of anti- and prothrombo-
tic factors in the urine (36) and increased endothelin, respectively, in
these models (37). Therefore, we used the adenine-induced renal injury

model, a well-established model of uremia induced by extensive tubu-
lointerstitial fibrosis (fig. S5C) (38). Within 2 weeks of 0.25% adenine
diet, the animals showed significant (P < 0.001) increases in IS concen-
trations and blood urea nitrogen, corresponding to advanced CKD
patients (Fig. 5F and fig. S5D). A significant (P = 0.01) reduction in
TtO was observed in the adenine-induced CKD animals compared
to animals on a regular chow diet (Fig. 5G), further supporting CKD
as a hyperthrombotic environment. In the adenine-treated group, the
TtO was significantly prolonged with CH223191 (P = 0.004) or
YL-109 (P = 0.050), compared to the group treated with adenine
alone (Fig. 5G), despite no differences in renal function between these
three groups (fig. S5D). Furthermore, similar to the indolic solute–
specificmodel (Fig. 5C), nodifferences inTtOwerenoted in theCH223191-
treated (P=0.374) andYL-109–treated (P=0.983) groupswhen compared
to the animals on a regular chow diet (non-CKD animals). All these
data obtained from two independent models strongly argue for CKD
as a hyperthromboticmilieu and indicate that uremia-induced throm-
bogenicity is normalized to a non-CKD range with the modulation of
AHR-STUB1 axis.

The antithrombotic effects of the above agents were weighed
against the bleeding risk using the standard tail vein transection
model (20). Because STUB1 modulation normalized the thrombo-
tic risk to non-CKD range, we compared YL-109–mediated altera-
tion in bleeding time to probenecid (non-CKD) controls. The data
showed no reduction in bleeding time with IS compared to probenecid
controls (Fig. 5H). Compared to the probenecid controls, bleeding time
was not different from YL-109 (Fig. 5H) and fell within the two SD
ranges of the non-CKD controls’ bleeding time (Fig. 5I, clear area).
In contrast, heparin significantly (P = 0.003) prolonged the bleeding
time beyond two SDs of probenecid controls (Fig. 5I, shaded area).
Overall, these data indicate that, unlike heparin, STUB1 modulation
reverted the IS-mediated hyperthrombotic phenotype to the nonure-
mic range without enhancing the bleeding risk.

DISCUSSION
CKD patients are prone to thrombosis and are specifically sensitive to
the relatively CKD-nonspecific antithrombotic and antiplatelet agents
(12, 13). CKDpatients are at fourfold increased risk of bleeding, which is
further augmented by 50% with every 30 ml/min decrease in creatinine
clearance (39, 40). To some, this implies that a CKD patient represents
an extreme case of classic vascular disease, and to others, this implies
that the CKDmilieu is distinct and unique. Our data support the latter
and implicate IS in particular as amediator of the hyperthrombotic uremic
state throughmodulation of STUB1-TF interaction. Here, we show that
reduced STUB1-TF interaction in vSMCs in uremia stabilizes TF and
augments thrombosis upon exposure to vascular injury. Conversely,
restoration of STUB1-TF interaction by suppression of uremic effect
by AHR antagonist or STUB1 inducer augments TF ubiquitination
and degradation and inhibits thrombosis. These data help discern the
antithrombotic mechanism of AHR antagonism and add to the sophis-
tication of the complex vascular biology of CKDwhile also highlighting
the role of dynamic protein-protein interaction influenced by the uremic
state, which we further substantiate in human vessels. We also demon-
strate the prominent role of STUB1-TF axis in mediating CKD-specific
thrombotic risk, which reverses to non-CKD range upon pharmaco-
logical targeting.

Although there can be different explanations to the dynamic inter-
action of STUB1 andTF, rapidmodulation of this interactionwithAHR
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Fig. 5. Perturbations of AHR-STUB1-TF axis
normalize the hyperthrombotic uremic phe-
notype without altering the bleeding risk.
(A) The experimental design assessing the effect
of YL-109 on the IS-specific uremic thrombosis
model. A dose of heparin that increases acti-
vated partial thromboplastin time (aPTT) to
the therapeutic range in mice (35) was admin-
istered 2 hours before the procedure. IP, intra-
peritoneal; PO, per os. (B) Representative traces
of carotid artery blood flow showing TtO (arrow)
in different groups. (C) An average TtO from each
group of animals from three independent experi-
ments is shown. The numbers of animals used in-
clude probenecid (n = 9), probenecid + IS (n = 12),

probenecid + IS + YL-109 (n = 8), and probenecid + IS + heparin (n = 6). No difference in TtO was observed between probenecid and probenecid + IS + YL-109 (P = 0.65).
Heparin significantly prolonged TtO compared to both IS and probenecid control groups (P = 0.021). Data are shown as means ± SD. (D) Mean normalized TF and
STUB1 expression in the aortae of five mice injected with IS with or without YL-109 is shown. Student’s t test was performed. Data are shown as means ± SD. (E) Changes in
TF expression in the individual aortae of IS + YL-109–treated animals and their respective TtO are shown. A Spearman correlation analysis was performed. (F) IS concentra-
tions in the blood of mice exposed to 0.25% adenine diet for 2 weeks and animals on regular chow (control) (n = 5 per group). Data are shown as means ± SD. (G) An
average TtO in control (regular diet) and adenine-induced CKD mice with AHR inhibitor (CH223191) or STUB1 enhancer (YL-109) (n = 5 per group) is shown. #P value
compares the adenine and control groups. *P value compares CH223191 and YL-109 groups with the adenine group. Data are shown as means ± SEM. (H) Average tail vein
bleeding times for each group (n = 5 per group). Data are shown as means ± SD. (I) Differences in the average tail vein bleeding times (y axis) between probenecid control
(non-CKD) and other groups (CKD). The solid line represents the average bleeding time of the control group, and the dotted lines represent two SDs of bleeding time from
the control group. The shaded areas are the regions beyond 2 SD.
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status argues for the role of AHR and posttranslational modifications
(PTMs) in this process. Because STUB1, AHR (24), and TF bind to each
other (11), it is likely that they form amultiprotein complex, whichmay
undergo stoichiometric or conformational changes upon AHR activa-
tion (IS treatment) or AHR suppression (AHR antagonist treatment),
altering the interactions between the components (24). The kinetics of
STUB1-TF interaction support PTMs in either or both partners. Similar
PTMs can modulate the interaction of STUB1 with other targets (41).
This rapid STUB1-TF interaction is followed by ubiquitination andpro-
teasomal degradation of TF, such that TF protein reaches its half-life
within 40min in vSMCs (11). The involvement of ubiquitination in reg-
ulating TF imparts specificity and efficiency to TF biology. This system
is built for amplification, such that the target (TF), the ubiquitin ligase
(STUB1), and the modifying protein (ubiquitin) are all governed by
complex autoregulatory and pararegulatory loops (26). It is such a sys-
tem that can regulate the biology of a central stimulus like TF, which is
released and/or exposed on vSMCs early after vascular injury and espe-
cially within the context of the complex uremic milieu (8, 11, 18). Such
biochemistry also explains why modest changes in any of the involved
elements induce large, nonlinear effects onoutcomes and a strong in vivo
correlation between the reduction in thrombogenicity and changes inTF
within the vessel wall in response to pharmacological manipulation
of STUB1.

Even minor changes in TF expression are expected to have a sub-
stantial effect on thrombosis, because vessel wall TF activation is only
a primary trigger, followed by amultitude of nonlinear and interrelated
events, such as the extrinsic coagulation cascade and platelet aggrega-
tion (42), all of which amplify the primary trigger of TF activation to
produce robust thrombus formation. Thus, perturbation of TF through
the AHR-STUB1 axis represents an effective therapeutic strategy in
CKD patients, because none of the current antithrombotics or the in-
vestigational agents such as factor XII and XI inhibitors target CKD-
specific thrombosis (14, 15). Their suboptimum efficacy is likely to be
exacerbated by poor thrombus control from a persistent nidus of ex-
posed vSMCs secondary to compromised reendothelialization of the
vascular wound in the uremic milieu (43). Compounding the poor ef-
ficacy profile is their enhanced bleeding risk due to altered pharmaco-
kinetics in CKD and perturbation of critical hemostatic defenses (12, 13).

Two complementary in vivo thrombosis models used here, involv-
ing damaged endothelium, established the relevance of our in vitro
studies. The added value of a solute-specific animalmodel in the context
of vascular injury was in allowing us to directly address CKD-associated
risk assessment. In addition to avoiding confounders such as hypertension
in other CKD models (16), this animal model allows titration of a spe-
cific uremic solute to examine its effect at different stages of CKD. Al-
though this animal model should be a valuable tool for mechanistic
probing and is potentially useful in preclinical drug development, espe-
cially having been validated with an established adenine-induced CKD
model, it does not emulate the human arterial rheological patterns or
the flow characteristics that are critical in postinterventional thrombosis
(44). The flow-loop system used herein (32) is a model of postinterven-
tional thrombosis combining a humanized system of human cells and
humanblood simulating human coronary flowpatterns. Clot formation
in this system is defined by three discrete components, which provide a
different view of the net extent of thrombosis. Hb and LDH measure-
ments represent red cell content and active remodeling of the clot, re-
spectively, and visual inspection assesses overall clot burden. The results
from the flow loops tracked well with the genetic loss of function of
STUB1andwithpharmacological up-regulationof STUB1. Interrogating

the AHR-TF-STUB1-TF axis using orthogonal models has strengthened
the translational relevance of this study.

We identified two discrete mechanisms of TF down-regulation in
the uremic milieu, namely, increasing STUB1 concentration and
enhanced STUB1-TF interaction, supporting the development of direct
STUB1 activators and selective AHR modulators (sAHRMs) as antithrom-
botics (45). Because the effects of these agents are likely to be influenced
by the state of AHR signaling, a biomarker based on the concentrations
of uremic solutes (11) should further refine the risk-benefit profile for
antithrombotics in CKD patients. Moreover, combining therapy with
agents that target disease-specific mechanisms to normalize the uremic
hyperthrombotic milieu together with the current antiplatelet/anti-
thrombotic agents might enhance therapeutic efficacy and safety.

We recognize the study’s limitations, knowing that thrombosis is a
dynamic process orchestrated by several different cell types and media-
tors, and almost all of these components are altered in CKD (3, 4). Al-
though vessel wall factors and platelets in IS-mediated thrombosis are
being examined (11, 18, 46), the roles of other metabolites (termed
“thrombolome”) (3, 11), microvesicles, etc. remain to be probed to fully
characterize the hyperthrombotic uremic milieu. Although the current
report demonstrates the role of IS-AHR-STUB1 axis in suppressing TF,
a potential ability of this axis to regulate other members of the coagu-
lation cascade or platelets cannot be ruled out. Finally, YL-109 was de-
veloped as an sAHRM (33, 45), but it may have additional effects on
thrombosis through pathways other than AHR-STUB1-TF, and this
warrants further investigation.

Several dynamic events influence thrombosis and hemostasis pro-
cesses, and their precise quantification is required to determine the
global thrombosis risk and allow individualization of therapy. CKD-
specific thrombosis risk assessment can be performed by integrating
these uremic solutes with conventional thrombotic markers (3, 11, 12).
A combination of such a risk panel with a means of targeting CKD-
specific thrombotic mediators is likely to improve the antithrombotic
management in these patients. Our study focused on postinterventional
thrombosis in CKD, because these patients carry high cardiovascular
disease burden requiring complex vascular procedures and are also at
risk of thrombosis of dialysis access, a lifeline of CKD patients. The
signaling axis we identified needs further probing in other models of
thrombosis.

MATERIALS AND METHODS
Study design
The number of animals was guided by the expected effect size and
SD of the readout (TtO) to obtain 90% power at an a of 0.05. Male
and female mice were randomized to different groups in these
experiments. Although the administration of compounds in animal
experiments was not performed in a blinded manner, an investiga-
tor blinded to the experimental groups performed the thrombosis
assays.

Statistical analysis
Summary statistics are presented as the mean and SD or SEM. Analysis
of variance (ANOVA), paired or unpaired Student’s t test, orWilcoxon
rank sum test was used to compare the groups as appropriate, and the
test for each experiment is indicated in the figure legends. A Spearman
or Pearson correlation was performed to analyze the correlation be-
tween two variables, as appropriate. P < 0.05 was considered statistically
significant.
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Materials and Methods
Fig. S1. An indolic solute–specific animal model.
Fig. S2. STUB1 regulation of TF protein.
Fig. S3. STUB1 interaction with TF.
Fig. S4. STUB1 expression in the YL-109–treated flow loops.
Fig. S5. AHR or STUB1 manipulation in uremic animal model.
Table S1. Demographic and clinical characteristics of patients included in the study to examine
the vascular expression of STUB1 and TF.
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Materials and Methods 

Human subjects and serum collection: Pooled uremic sera of ESRD patients on 

hemodialysis and age-, gender- and ethnic background-matched control sera were described 

previously (8). Briefly, ERSD patients on hemodialysis (HD) were recruited randomly from a 

pool of 150 patients at the DaVita Hemodialysis Center (Boston, MA). The protocol was 

approved by Institutional Review Boards of Boston University Medical Center and 

Massachusetts Institute of Technology. Informed consents were obtained and 10 ml of blood 

collected before a HD session. Patients with Hb < 8 gm/dl were excluded. Control sera for age-, 

gender- and ethnicity-matched subjects were obtained from Research Blood Component Inc. 

Controls with creatinine >1.0 mg/dl were excluded. 

Generation of an indolic solute-specific thrombosis model: C57BL/6 male and female mice 

(10-14 weeks old) were given IS ad libitum in water, and the excretion of IS was inhibited by 

probenecid, an OAT1 and OAT3 channel inhibitor. Different protocols combining IS 

administration with probenecid were examined. IS dissolved in drinking water at 4 mg/ml and 

probenecid at 15 mg/kg IP twice daily yielded consistently high IS above 40-50 μg/ml, 

concentrations similar to patients with CKD stage 5/ESRD (11), and was thus chosen for 

subsequent experiments. Serum IS concentrations were measured on days 0, 2, and 5 using 

LC/MS developed and validated for the measurement of IS (45), after which the animals were 

subjected to ferric chloride-mediated carotid injury, performed as previously described (20). 

Briefly, the right carotid artery was exposed in isoflurane-anesthetized animals, and basal blood 

flow was recorded before and after 1 min placement of a ferric chloride (FeCl3)-soaked filter 

paper under the artery. The TtO was determined as time until the first measurement between 0 

and 0.29 ml/min, which corresponds to total occlusion of the lumen (Fig. 1C). Basal blood flow 

was defined as the average of 30 sec of measurements before filter paper placement. 



For histological analysis of thrombi, carotid artery thrombi were induced as described above 

with FeCl3, and a 3-5 mm cranially located portion of the artery was collected, fixed, embedded 

in paraffin, and serially sectioned (10 µm) over its entire length, resulting in 100-300 sections 

per animal. Images of hematoxylin and eosin-stained sections were acquired using an Eclipse 

50i microscope equipped with an Insight2 camera and SPOT imaging software v5.0 (SPOT 

Imaging).  

Different concentrations of FeCl3 were screened, and the one that resulted in TtO with 

minimum variation was chosen for further experiments (fig. S1F). The effects of the AHR 

antagonist and YL-109 were examined in the following groups – probenecid (control), IS + 

probenecid, and IS + YL-109 (5 mg/kg IP) or CH223191 (10 mg/kg IP). Both YL-109 and 

CH223191 suspended in DMSO were further dissolved in vegetable oil before IP injection. For 

the group treated with heparin, the animals received a single dose of heparin given 2 hours 

before the procedure (500 units/kg), which is known to prolong aPTT to within the therapeutic 

range (1.5-2.5 times control) (33).  

Image processing algorithm developed to quantify STUB1 and TF expression in human 

tissues: We developed an object recognition pipeline to correlate cell-level intensity distribution 

of TF with STUB1 (Fig. 3H). The pipeline consisted of image pre-processing, size-based 

morphology filtering, and object-level intensity correlation. Grayscale images were generated 

from the original TF and STUB1 images and converted to binary images using Otsu’s method 

(29), and a flood-fill operation was performed on background pixels of the binary images to fill 

local image regions or holes. Binary erosion followed by dilation of the flood-filled binary images 

were performed using a disc-shaped morphological structuring element of 5-pixel radius, 

resulting in a set of connected components (image objects) along with corresponding object-

level properties. For each image object in the processed TF image, the closest object within the 

processed STUB1 image was identified by comparing pairwise Euclidean distances between 

the objects within the 2 images. Area-averaged mean (AAM) intensity values for each image 



object were then computed followed by image-level averaging of all the AAM values to correlate 

STUB1 distribution with TF across several images (Fig. 3G-3K). 

Pixel-level STUB1-TF colocalization algorithm: Grayscale images were generated from the 

original TF and STUB1 images, followed by computation of image-level thresholds using Otsu’s 

method (29). Percent colocalization was defined as the fraction of pixels with intensity values 

greater than image-specific thresholds for both the images. The difference in the extent of pixel-

level colocalization per image was first computed in uremic vessels and compared to that in 

non-uremic vessels.  

Flow-loop system: Flow-loops consisting of silastic tubes coated with primary aortic human 

vSMCs or STUB1 KO or WT MEFs cells were subjected to coronary flow conditions that 

emulate the endovascular intervention ex vivo. Before cell seeding, 4-cm-long, 1/8” ID Tygon 

tubes (Saint-Gobain) were prepared and injected with 100,000 cells/ml vSMCs (8,11). The 

tubes were then cultured for 16 hours under axial rotation at 10 rph, 37°C, 5% CO2. vSMC-

coated tubes were exposed to uremic serum (5%) or IS (10 μM) with or without 25 μM YL-109 

for 24 hours. The segments were explanted, and positioned in the reactive site flow loop model 

as described (Fig. 4A-4B) (11). Fresh whole blood was collected from healthy volunteers in a 

10% acid-citrate dextrose solution. Immediately before testing, a 100 mM CaCl2/75 mM MgCl2 

solution was added to the blood (70 ml solution per 1 ml blood) and loaded into the flow loops. 

After 10-minute runs, the loops were emptied and flushed with 60 ml Tyrodes buffer (0.01 M 

HEPES, 0.75 mM MgCl2) followed by visual inspection of the clot and its lysis. The clot was 

lysed with 1% Triton-X solution for 20 minutes. LDH and Hb were measured using Quantichrom 

Assays. 

Thrombosis in a flow loop system is a binary event that can further be defined by three 

discrete components. The Hb and LDH measurements represent the clot burden based on red 

cell content in the former and lysis of the clot in the latter. Each provides a different view of net 

clot burden.  



Adenine-induced CKD model: A group of 10- to 14-week-old mixed male and female C57BL/6 

wild-type mice (Jackson Laboratories) were fed a normal chow diet (Teklad Global 18% Protein 

Rodent Diet, Envigo) supplemented with 0.25% adenine (vitamin B4; diet formulated by 

Research Diets) for 14 days. Control animals were fed with normal chow diet. Additional mice 

exposed to the adenine-supplemented diet were treated with STUB1 inducer, YL-109 (5 mg/kg), 

or the AHR antagonist CH223191 (10 mg/kg) for 5 days starting at day 10 of exposure to the 

adenine diet. The animals were subjected to the thrombosis assay at the end of the study period 

as described above. Blood urea nitrogen (BUN) in these animals was determined using the 

QuantiChrom Urea Assay Kit (DIUR-100) (BioAssay Systems) by measuring the concentration 

of BUN in plasma, following the manufacturer’s standard protocol. IS concentrations were 

determined using a pre-validated LC/MS method at the Metabolomics Core at Boston University 

Medical Center (45). 

Photochemical model of thrombosis: A group of 10- to 14-week-old male and female 

C57/BL6J wild type were treated for a total of 5 days with IS (ad libitum, 4 mg/mL in water) and 

probenecid (150 mg/kg) (intraperitoneal, twice daily). After treatment, the animals were 

subjected to a photochemical injury model modified as below (22). Carotid artery thrombosis 

was induced by administration of Rose Bengal (4,5,6,7-tetrachloro-2',4',5',7'-

tetraiodofluorescein) (Sigma). Instead of the tail vein, a single dose of 100 µL of Rose Bengal 

(25 mg/mL) was injected slowly over 2 minutes in the pre-cannulated external jugular vein. This 

modification provided an access to a larger vessel compared to the tail vein and allowed 

repeated Rose Bengal dye injections under controlled manner through a vessel, which was 

already exposed during surgery. The carotid artery was exposed to white light from a 3 mm 

diameter fiber optic cable connected to 200 W illuminator (Dolan Jenner Industries). The optical 

system was designed to have an emission spectrum that encompassed the in vivo absorption 

range of Rose Bengal (maximum absorbance at 562 nm). The carotid blood flow was 

determined using 0.5PSB S-series flowprobe connected to a TS420 perivascular transit-time 



flowmeter (Transonic) and the time to reduction of carotid blood flow to baseline to 0-0.2 ml/min 

was considered as TtO. 

Anti-TF neutralizing antibody assay: A group of 10- to 14-week-old male and female 

C57Bl6/J wild-type mice was exposed to probenecid + IS for five days as described above, 

followed by FeCl3 carotid artery thrombosis assay. Half an hour before the thrombosis assay, 

the animals were given one dose of isotype-matched control antibody injected IP (20 mg/kg rat 

anti-mouse; IgG2A; eBioscience) and rat anti-mouse anti-TF neutralizing antibody (20 mg/kg) 

(21).  

Tail vein bleeding test: The tail vein bleeding time was determined as described previously 

(20). Tails of anesthetized C57BL/6 mice (12-16 weeks old) were transected 5 mm from the tip 

with a razor blade. The tail was immersed in a 15 ml tube containing 13 ml of PBS prewarmed 

to 37°C. Bleeding times were determined when the bleeding stopped for 20 seconds.  

Cell culture, cell lysis, immunoblotting, immunoprecipitation, and immunofluorescence: 

Primary vSMCs were grown in low-glucose DMEM medium + 5% calf serum + 1% penicillin and 

streptomycin + 1% L-glutamine. HEK293T and HUVEC-tert cells were grown in high DMEM + 

10% FBS and 1% penicillin and streptomycin. Cell harvest and immunoblotting have been 

described previously (8). STUB1 KO mouse embryonic fibroblasts MEF’s, a gift from Dr. C. 

Patterson’s lab (UNC, Chapel Hill), were grown in DMEM high glucose with 10% FBS and 1% 

penicillin and streptomycin. Monoclonal antibodies specific for tissue factor HTF1 (Thermo 

Fisher Scientific), GAPDH, MYC and FLAG tags (Cell Signaling), and STUB1 (Santa Cruz) were 

used. Immunoprecipitation assays were performed using antibody treatment followed by 

agarose (A+G plus) beads (Santa Cruz), as described previously (8). The vSMCs grown in 

chamber slides (Lab-Tek) were fixed with methanol and processed as described previously 

using Leica SP5 confocal microscopy (8).  

Plasmid constructs: All STUB1 constructs were generously provided by Dr. Cam Patterson’s 

laboratory at the University of North Carolina, Chapel Hill. The C-terminus FLAG-tagged TF 



constructs were generated by cloning human TF in pQCXIP vector (Clontech) at NotI and 

BamHI sites. The primer sequences including C-terminus FLAG tag were as follows. 

Wild-type TF: 

Forward primer 

TATATTGC GGC CGCCATGGAGACCCCTGCCTGGCCC 

Reverse and complementary primer for cloning 

TCGCCGGGATCCTCACTTGTCATCGTCATCCTTGTAATCCATTGAAACATTCAGTGG 

TFdelC (1-274 amino acids of TF)  

Reverse complementary primer 

CCGCCGGGATCCTCACTTGTCATCGTCATCCTTGTAATCCATGTGTAGAGATATAGCCAG 

Viral particles and generation of stable cell lines: Retroviral constructs with FLAG-tagged 

wild type TF and TFdelC were co-transfected in HEK293T packaging cells along with packaging 

pG, envelope, and Rev vectors pGP using Lipofectamine 2000 per manufacturer instructions. 

Medium containing active viral particles collected after 48 hours was centrifuged and stored at -

80° C. For viral transduction, the cells were seeded at 50-60% confluence. The target cells were 

treated overnight with medium containing active viral particles along with hexadimethrine 

bromide (Sigma), a cationic polymer, to increase the efficiency of infection. Puromycin (Sigma) 

selection was initiated after 24 hours. The cells were harvested after 4 days to examine the 

effect on protein concentrations.  

TF stability assay, ubiquitination assay: vSMCs and HEK293T were treated with 80 μM 

cycloheximide at different time intervals and were harvested for the stability assay. The 

ubiquitination of TF was examined by pretreating vSMCs and STUB1 KO and WT mice with the 

proteasome inhibitor MG132 (Boston Biochem) at 10 μM for 4-18 hours followed by 

immunoprecipitation as described above. vSMCs cell lysates were treated with uremic serum or 

solutes for 24 hours using 50 mM Tris buffered saline (pH 8.0) with 1% Triton X-100 and 



centrifuged at 14,000 g for 20 minutes. The eluent were resolved on SDS-PAGE gel and probed 

with anti-ubiquitin antibody. 

Immunostaining: Paraffin-embedded tissue blocks of de-identified patients were used after 

approval from the Institutional Review Board of Boston University Medical Center for 

immunofluorescence studies. Briefly, tissue blocks were sectioned at 4 μm and subjected to 

heat-induced antigen retrieval using 10 mM sodium citrate, pH 6.0. Normal goat serum (10%) 

and 1% BSA in 1X PBS/0.3% Triton X-100 were used as blocking agents. Tissue sections were 

incubated with STUB1 (Santa Cruz) and TF (Abcam) overnight at 4°C. Tissue sections were 

then washed and incubated with Alexa Fluor 488 or 594 conjugated secondary antibodies at 

room temperature for 1 hour. DAPI (Invitrogen) was used for the staining of nuclei, and then 

slides were mounted with fluorescence mounting medium (Dako). Images were obtained with 

the LeicaSP5, a point-scan epifluorescence laser confocal microscope.  

Synthesis of recombinant STUB1 and in vitro binding assay: GST purification was 

performed as previously described (29). Briefly, BL21 chemically competent E. coli (Invitrogen) 

were transformed with pGEX-2T STUB1 or pGEX-constructs obtained from Dr. Cam Patterson 

(University of North Carolina, Chapel Hill). Protein expression was induced in early log phase 

(OD600 of 0.6-0.8) by isopropyl-beta-D-thiogalactopyranoside (IPTG) (Invitrogen). Bacteria were 

lysed with lysozyme (American Bioanalytical) and 1% Triton X-100, followed by brief sonication. 

GST-tagged proteins were purified by passing the bacterial lysates over a glutathione 

sepharose 4B bead slurry (GE Healthcare). Purified GST-STUB1 protein was used in an in vitro 

binding assay with 1500 pM recombinant tissue factor Recombinant lipidated TF protein was 

obtained from Hematological Technologies.  

TF procoagulant activity: TF surface/procoagulant activity was measured using a two-step 

FXa generation assay. A standard curve was generated by incubating human, recombinant 

lipidated TF (Enzolifesciences, Cat# SE-537) ranging from 0-500 pM along with 5 nM of human 

factor VIIa (Enzyme Research Laboratories Cat# HFVIIa), 150 nM of factor X (Enzyme 



Research Laboratories Cat# HFX 1010), and 5 mM CaCl2 for 30 minutes at 370C. The reaction 

mixture was incubated with chromogenic substrate for factor Xa (Chromogenix Cat# S2765, 1 

mM final concentration). The reaction was stopped after 5 minutes using 10 Pl of 50% glacial 

acetic acid and read at 405 nm absorbance. The TF procoagulant activity was examined in 96-

well plate format with 5000 vSMCs or STUB1 KO and WT cells seeded per well. The cells were 

serum-starved for 16 hours and treated with IS or 5% pooled uremic serum with or without 

CH223191 or YL-109 for 24 hours. Cells were washed with TBS (50 mM Tris HCl, 120 mM 

NaCl, 2.7 mM KCl, 3 mg/ml BSA, pH=7.4) and incubated with 55 Pl TBS containing 5 nM of 

human factor VIIa, 150 nM of factor X, and 5mM CaCl2 for 30 minutes at 370C. 50 Pl of the 

supernatant was incubated with chromogenic substrate at 1 mM final concentration. The 

reaction was stopped after 5 minutes by adding 10 Pl of 50% glacial acetic acid, and the 

absorbance was read at 405 nm. TF activity for samples was calculated using linear regression 

analysis and normalized to the number of cells. The numbers of cells were determined using an 

MTT assay. The amount of compound needed to inhibit TF activity by 50% was considered to 

be the IC50 for the compound. 

MTT assay: The numbers of cells were determined using alamarBlue assay reagent from 

Thermo Fisher Scientific. AlamarBlue cell viability reagent was used to measure the number of 

cells. To create the standard curve, serial dilution of VSMCs cells was performed in a black, 

clear-bottom 96-well plate. Cells were treated with alamarBlue for one hour. After one hour, the 

fluorescence intensity of alamarBlue was measured at 570 nm using an infinite microplate 

reader from Tecan. As described in the reagent protocol from Thermo Fisher, the fluorescence 

readout using alamarBlue was linear over the range from ~500 to 50,000 cells. By serial dilution 

of cells, we obtained a linear standard curve with R2 = 0.97, which was applied for counting the 

cells. For TF normalization, after the TF activity measurement, cells were washed with 1X PBS, 

and then 100 µl of medium was added and incubated with alamarBlue for one hour at 37 ºC in 



an incubator supplied with 5% CO2 in the cell incubator. The fluorescence was measured at 750 

nm, and the standard curve was applied to count the number of viable cells. The amount of 

compound needed to inhibit TF activity by 50% was considered as the IC50 for the compound. 

Correlation of changes in TF expression and thrombogenicity in mice exposed to YL1-09 

and IS: We correlated the reduction of TF in the aortic lysates of individual mice exposed to YL-

109 with the prolongation of TtO, with the hypothesis that these parameters might inversely 

correlate. We analyzed seven mice from two groups: IS and IS + YL-109. First, we quantified 

the expression of TF in the aortic lysates of IS-treated animals using ImageJ and averaged 

them. GAPDH served as a loading control. This average TF expressions in the IS group were 

then used to estimate the changes in TF in the aortae of YL-109 + IS animals:  

change in TF expression in an individual YL-109 treated animal = (amount of TF in YL-109 + 

IS)/(average TF in IS animals) 

A similar approach was used to determine the changes in TtO in individual animals in YL-109 + 

IS group:  

change in TtO in an individual YL-109 treated animal = (TtO in YL-109 + IS)/(average TtO in IS 

animals) 

Spearman’s rank correlation analysis was used to correlate the TtO and TF concentrations in 

individual mice in the IS + YL-109 group.  

  



 



 

Supplementary figure 1. An indolic solute–specific animal model. 

(A) Selection of IS protocol that increases blood concentration of IS similar to ESRD patients. 

For this experiment and other animal experiments described in the supplementary materials, 

groups of 10- to 14-week-old C57BL/6 male and female mice were used. Different protocols 

consisting of IS administration in drinking water (4 mg/ml) along with probenecid (150 mg/kg) 

given twice a day by intraperitoneal injection were tested in five mice per group. The blood 

samples were collected at the end of 5 days, and the average IS concentrations for different 

groups are shown. Data shown as means ± SD. The group receiving 4 mg/ml IS dissolved in 

drinking water and 150 mg/kg probenecid intraperitoneally twice daily yielded consistently high 

IS concentrations above 40-50 μg/ml, which are similar to patients with CKD stage 5/ESRD 

(11). As a result, this protocol was chosen for subsequent experiments. No significant 

differences in IS concentrations were observed between male and female mice.  

(B) Degradation of AHR protein in the aortae of mice exposed to IS + probenecid. C57BL/6 12- 

to 14-week-old male and female mice were given probenecid 150 mg/kg IP twice a day with or 

without IS 4 mg/ml in water for 5 days (n = 4 animals per group). The aortae harvested at the 

indicated time point were lysed and probed for AHR, with actin serving as a loading control. The 



AHR band was normalized to the intensity of the actin band using ImageJ. A representative blot 

from two out of four animals per time point is shown.  

(C) Persistent AHR activation within the vessel walls of mice exposed to IS + probenecid. 

Averages of normalized AHR expression in the aortic lysates of four mice at the indicated times 

are shown. Data shown as means ± SD. p values compare each group to the probenecid 

control group harvested at day 5.  

(D) Increase in TF in the aortae of IS-injected animals. The C57BL/6 animals exposed to IS and 

probenecid were euthanized, and the thoracic and abdominal aortae were harvested, lysed in 

RIPA buffer, and sonicated. The lysates were probed for TF and actin. Lysates of two animals 

from five mice per group are shown. 

(E) Induction and measurement of thrombogenicity using the carotid artery thrombosis model. 

The carotid artery (shown by a black arrow) was exposed in the anesthetized animals, and 

thrombosis was induced using a 10% strip of FeCL3 placed below the carotid artery for one 

minute, after which an ultrasound probe (“US Probe”) was used to measure the blood flow.  

(F) Selection of concentration of FeCl3 that consistently resulted in thrombosis in the uremic 

milieu. With the above protocol (IS and probenecid), we examined different concentrations of 

FeCl3 strips (2.5%-10%) applied below the carotid artery, and the blood flow was monitored for 

20 minutes. The time for the flow to drop to 0-0.299 ml/min was considered as the Time to 

occlusion (TtO). An average of four animals is shown in each group. 10% FeCl3 resulted in 

smallest standard deviation and was adopted for subsequent experiments. Data shown as 

means ± SD. (G) Blood concentrations of IS in mice exposed to IS or IS + CH223191 compared 

to the control animals. An average of IS concentrations from five animals measured at the end 

of 5 days is shown. Student’s t-test was performed. Data shown as means ± SD.  



 
Supplementary figure 2. STUB1 regulation of TF protein. 
 
(A) Immortalized human umbilical vein endothelial cells (HUVEC-Tert) seeded in 6-well plates 

were transiently transfected with STUB1 (STUB1si) and control siRNA oligos (Csi). The cells 

were lysed after 48 hours and probed for TF and tubulin. Equal amounts of lysates were 



separately probed for STUB1. A representative blot from two independent experiments 

performed in duplicate is shown. A significantly higher (more than four-fold) TF expression was 

noted with STUB1 silencing (p = 0.001).  

(B) vSMCs pretransfected with control (Csi) or STUB1 (STUB1si) siRNA oligos treated with 10 

μM MG132 for 4 hours were lysed and immunoprecipitated with TF antibody, then probed using 

anti-ubiquitin (Ub) antibody. The lysates were probed for STUB1 and GAPDH to confirm STUB1 

silencing. A representative blot of two independent experiments performed in duplicate is 

shown. 

(C) Mesenchymal embryonic fibroblasts (MEFs) from STUB1 KO and WT animals seeded for 48 

hours were lysed and probed for TF and GAPDH, where the latter served as a loading control. 

Equal amounts of lysates were separately probed for STUB1. The values below the blot 

represent the TF bands normalized against the loading control using ImageJ. A representative 

of four independent experiments is shown. p = 0.003 for the difference in TF between STUB1 

KO and WT MEFs. 

(D) STUB1 KO and WT MEFs serum-starved overnight were stimulated with 5% uremic serum 

(pooled from twenty patients with ESRD (uremic serum) (8), non-uremic control human serum 

(age-, gender-, and ethnic background-matched healthy controls), or fetal bovine serum (FBS), 

and subjected to TF activity assay after 24 hours. An average of two independent experiments 

performed in duplicate is shown. In STUB1 WT cells, TF activity significantly increased with 

uremic serum compared to control serum (p = 0.006). The p values in the figure are for the 

comparison of TF activity in STUB1 KO and STUB1 WT cells in each group. Student’s t-test 

was performed. Data shown as means ± SD.  

(E) STUB1 WT and KO MEFs treated with 10 μM MG132 for 4 hours were lysed and 

immunoprecipitated with TF antibody and then probed using anti-ubiquitin antibody (Ub). The 

blot was stripped and reprobed using TF antibody for the immunoprecipitated TF. A 

representative blot of two independent experiments performed in duplicate is shown. 



(F) HEK293T cells were cotransfected with FLAG-tagged TF and MYC-tagged wild-type STUB1 

(WT) or the U-box mutant H260Q STUB1 (H260Q). The cells were treated with MG132 (10 μM), 

and the lysates were prepared in RIPA buffer, immunoprecipitated with TF antibody, and probed 

with ubiquitin antibody. The blot was stripped and reprobed with TF to compare the 

immunoprecipitated TF in all three groups. Five percent of lysates were probed with anti-MYC 

antibody. A representative from two separate experiments performed in duplicate is shown.  



 



 



 
Supplementary figure 3. STUB1 interaction with TF. 
 
(A) Primary human aortic vMSCs were lysed and subjected to immunoprecipitation with anti-TF 

(TFH10) antibodies and eluents were probed for STUB1 and vice versa. The blots were stripped 

and reprobed for TF or STUB1 to compare the immunoprecipitated proteins. Isotype antibodies 



served as controls (CTL). Five percent of whole cell lysates are shown as inputs. A 

representative from two independent experiments performed in duplicate is shown.  

(B) An AVF explant from a 42-year-old Hispanic male (Patient # 2 in table S1) was paraffin-

embedded and stained with anti-TF anti-mouse and anti-STUB1 anti-rabbit antibodies and 

isotype-matched control antibodies (CTL IgG, Thermo Fisher Scientific) at the same dilutions. 

DAPI was used to stain the nuclei. Representative images from ten random areas are shown. 

Scale bar = 100 μM. 

(C) Early passage (passage 4) primary vascular smooth muscle cells were fixed and stained 

with the same antibodies as in (B) and were examined using a confocal microscope. Scale bar 

= 10 μM. 

(D) Paraffin-embedded sections of an explanted AVF from a 47-year-old male patient (# 3 from 

table S1) were stained with anti-TF and anti-STUB1 antibodies and secondary antibodies 

conjugated with AF488 and AF594 fluorophores. Each fluorophore was excited with the 

appropriate laser, and the signal was acquired in both the red and green channels to test for any 

bleed-through. Several images were acquired at the same microscope settings such as gain 

and exposure time using a Leica SP5 confocal microscope, and the representative images are 

shown. Scale bar = 10 μM. The lower panels show the ranges of acquisition of signal in both 

channels. The asterisk marks a cell with lower STUB1 and higher TF expression, as seen in Fig. 

3G. 

(E) (Upper panel). The paraffin-embedded section of normal temporal artery from a 63-year-old 

female (11) was stained with anti-TF and anti-STUB1 antibodies and secondary antibodies 

conjugated with 488 and 594 fluorophores, respectively. The slides were examined using a 

confocal microscope Leica SP5 with an argon laser, and the collected images were analyzed 

using ImageJ. The merged image for three channels is shown in the last panel. Scale bar = 10 

μM. (Lower panel) The colocalization was mathematically derived using an approach that was 

previously described (27). In this method, the colocalization between two proteins takes into 



consideration normalized covariance or the correlation coefficient between 2 sets of data. A 

montage image created in ImageJ using a 1.791x3.21 μm area within vSMCs from the upper 

panel. STUB1 (red) and TF (green) appear as their labeled fluorophores, and the last panel 

shows the colocalization areas mathematically derived with the equation described by Kriber et 

al (27) and displayed as an artificial color (FIRE from ImageJ). A white cross marks a 

representative area of colocalization between STUB1 and TF. The highest amounts of 

colocalization appear as distinct areas of punctate yellow staining (marked by an asterisk), and 

absence of colocalization is displayed as black area (marked by an open circle). A Pearson’s 

correlation coefficient of 0.50 was obtained, which supports the colocalization of STUB1 and TF 

in vSMCs of a normal human artery (27). 

(F) Early passage primary human aortic vSMCs were fixed and subjected to 

immunofluorescence protocols using anti-TF and anti-STUB1 antibodies. DAPI was used to 

stain nuclei. The cells were imaged using confocal Leica500 microscope. One representative 

cell among fifty randomly selected cells is shown. ImageJ program was used to analyze 

colocalization, which was displayed as a scatter plot, where the relative pixel intensities for both 

proteins were plotted on two axes, and the colocalization was shown on the Z-axis (11). The 

correlation analysis performed on the distribution of pixel intensities using ImageJ showed a 

Pearson’s correlation coefficient of 0.82, supporting colocalization between TF and STUB1 in 

unstimulated vSMCs. 

(G) A schematic of TF protein is shown with an extracellular N-terminus, a small 

intramembranous domain (marked by a red box), and an intracytosolic C-terminus tail, which 

harbors several lysine residues (highlighted as blue “K”), which can be putative sites for 

polyubiquitination. The C-terminus deletion of TF (TF delC) contains 1-274 amino acids. The ‘N’ 

represents putative N-linked glycosylation sites and five half-cystine residues are represented 

as © (29).  



(H) Densitometry was performed on TF expression in Fig. 3D with ImageJ, using GAPDH to 

normalize the TF expression, which was represented as a percentage of TF at time 0. The time 

to reach 50% of initial TF is considered as the TF half-life. An average TF expression from four 

experiments is shown at each time point. Data shown as means ± SD. (I) Densitometry was 

performed on TF expression in Fig. 3E using ImageJ as above. An average TF from four 

experiments is shown at each time point. Data shown as means ± SD. 

  



 

 

Supplementary figure 4. STUB1 expression in the YL-109–treated flow loops. vSMCs lining 

the flow loops treated with IS (10 μM) with or without YL-109 (25 μM) were lysed in RIPA buffer 

and probed for STUB1. Two representative samples out of six flow loops are shown.  

 

 

 

 

 

 



 
Supplementary figure 5. AHR or STUB1 manipulation in uremic animal model. 

(A) Average IS concentrations from mice before the thrombosis assay in Fig. 5C are shown. 

Data shown as means ± SD. (B) YL-109 increases STUB1 and reduces TF expression in the 

aortae of the uremic animals. The C57BL/6 animals exposed to IS (4 mg/ml) in water and 

probenecid (150 mg/kg) IP with or without YL-109 (5 mg/kg) for 5 days were euthanized, and 

the thoracic and abdominal aortae were harvested and lysed in RIPA buffer and sonicated. TF 



and STUB1 expression was normalized to tubulin and GAPDH, respectively. Representative 

blots of two mice from groups of five are shown. 

(C) Adenine-induced CKD model shows chronic tubulointerstitial injury. Kidneys harvested from 

10- to 14–week-old C57BL/6 male and female mice exposed to a diet containing 0.25% adenine 

for two weeks were embedded in paraffin and stained with hematoxylin & eosin. Compared to 

the animals on regular chow, the adenine-treated animals showed evidence of glomerular loss 

(white arrowhead), reduction in the tubular mass (black asterisk), presence of inflammatory 

infiltrate, and tubulointerstitial fibrosis (yellow cross). Scale bar = 50 μM and 25 μM for 100X and 

200X magnification images, respectively.  

(D) Increase in BUN in adenine CKD model. Plasma samples obtained at the end of two weeks 

were analyzed. An average BUN value of five mice per group is shown. Data shown as means ± 

SD. The adenine-treated animals showed 5-fold increase in BUN compared to the control group 

on normal chow (p < 0.001), and these values corresponded to those detected in patients with 

advanced CKD (11). Compared to the adenine-treated group, there were no differences in BUN 

values in animals exposed to YL-109 or CH223191.  

  



Supplementary Table 1. Demographic and clinical characteristics of patients included in 
the study to examine the vascular expression of STUB1 and TF. 
 

No Age Ethnicity Gender 
Cause of 
ESRD 

Cause for 
AVF 
removal eGFR  DM HT  BMI Hb Platelets  INR SBP DBP 

 Uremic 

1 35 Hispanic Male HTN 

Aneurysmal, 
thrombotic, 
and painful 
AVF 18 0 1 29 14.2 160 1.03 159 80 

2 42 Hispanic Male DM, HTN 

Superficial 
ulceration of 
skin 
overlying 
left 
radiocephalic 
AVF, 
aneurysm <5 1 1 47.8 12.2 217 0.95 119 67 

3 47 Hispanic Male HTN 

Venous 
hypertension 
secondary to 
AVF and 
proximal 
obstruction <5 0 1 39.5 12.2 234 0.9 107 55 

4 70 Black Female HTN, DM 
Ulceration 
over AVF <5 1 1 42 11.2 203 1.37 134 76 

 Non-uremic control* 
 Age Ethnicity Gender Cause of amputation eGFR  DM HT  BMI Hb Platelets  INR SBP DBP 

1 66 Hispanic Male Malignant tumor >90 1 1 23 10.7 180 1.13 169 77 

2 64 Caucasian Female Malignant tumor >90 0 0 31.3 9 433 1.08 117 71 

3 49 Black Male Non healing ulcer >90 1 0 27 11 318 1.0 105 82 

4 53 Hispanic Male Malignant tumor >90 0 0 30 11.8 118 0.9 110 81 

 
eGFR= estimated GFR ml/min/1.73 m2 

DM = diabetes (1 = present, 0 = absent) 
HT= hypertension (1 = present, 0 = absent) 
BMI = body mass index  
Hb = hemoglobin (gm/dl) 
Platelets = 1000/1 μl blood 
INR = international normalized ratio 
SBP = systolic blood pressure (mm Hg) 
DBP = diastolic blood pressure (mm Hg) 
* = tissue taken from the most distant site from the lesion 
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