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SUMMARY

The extracellular molecular chaperone heat shock
protein 90 (eHSP90) stabilizes protease client the
matrix metalloproteinase 2 (MMP2), leading to tumor
cell invasion. Although co-chaperones are critical
modulators of intracellular HSP90:client function,
how the eHSP90:MMP2 complex is regulated
remains speculative. Here, we report that the tissue
inhibitor of metalloproteinases-2 (TIMP2) is a
stress-inducible extracellular co-chaperone that
binds to eHSP90, increases eHSP90 binding to
ATP, and inhibits its ATPase activity. In addition to
disrupting the eHSP90:MMP2 complex and termi-
nally inactivating MMP2, TIMP2 loads the client to
eHSP90, keeping the protease in a transient inhibi-
tory state. Secreted activating co-chaperone AHA1
displaces TIMP2 from the complex, providing a “re-
activating” mechanism for MMP2. Gene knockout
or blocking antibodies targeting TIMP2 and AHA1
released by HT1080 cancer cells modify their gelati-
nolytic activity. Our data suggest that TIMP2 and
AHA1 co-chaperones function as a molecular switch
that determines the inhibition and reactivation of the
eHSP90 client protein MMP2.

INTRODUCTION

The evolutionarily conserved molecular chaperone heat shock
protein-90 (HSP90) is an essential component of the physiolog-
ical cellular homeostatic machinery in eukaryotes (Schopf et al.,
2017). Cytosolic HSP90 interacts with hundreds of proteins that
rely on HSP90 for their folding, stability, and activity. HSP90
chaperone function depends on an ordered sequence of dy-
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namic conformational changes, linked to binding and hydrolysis
of ATP, that are disrupted by drug occupancy of the ATP
pocket (Hessling et al., 2009; Prodromou, 2012). In eukaryotes,
the HSP90 conformational cycle is facilitated by a number of
proteins termed co-chaperones that directly interact with
distinct HSP90 conformational states and serve discrete func-
tions, including assisting in the binding of client proteins to
HSP90 (Li et al., 2012a). Co-chaperones also modulate the
rate of HSP90-mediated ATP hydrolysis. For example, the acti-
vating co-chaperone AHA1 increases the rate of HSP90
ATPase activity, whereas co-chaperone HOP/Sti1 inhibits this
activity. HSP90 co-chaperones therefore work in concert to
regulate the chaperone cycle and fine-tune the chaperoning
of client proteins (Panaretou et al., 2002; Retzlaff et al., 2010;
Sahasrabudhe et al., 2017).

Extracellular HSP90 (eHSP9O0; released or surface bound)
binds and chaperones extracellular client proteins such as ma-
trix metalloproteinase 2 (MMP2) (de la Mare et al., 2017; Dong
et al.,, 2016; El Hamidieh et al., 2012; Hance et al., 2012; Li
et al., 2012b; Liu et al., 2011; McCready et al., 2014). However,
the molecular mechanism of eHSP9O0 regulation by extracellular
co-chaperones and its impact toward the chaperoning and func-
tion of an extracellular client protein remain elusive.

In this study, we demonstrate that the endogenous inhibitor
of MMPs, the tissue inhibitor of metalloproteinase 2 (TIMP2),
is a bona fide extracellular co-chaperone of eHSP90 that
inhibits its ATPase activity and decelerates the chaperone cy-
cle (Bourboulia and Stetler-Stevenson, 2010; Brew and Na-
gase, 2010; Olson et al., 1997). HSP90 was shown to bind
to, stabilize, and protect MMP2, increasing the levels of the
proteolytically active MMP2 pool in vitro and in vivo (i.e., in
the cell-conditioned media [CM] of mammalian cell cultures)
(Eustace et al., 2004; Song et al., 2010). Here, we reveal
that the functional impact of extracellular co-chaperone
TIMP2 on the eHSP90:MMP2 complex is twofold. TIMP2 func-
tions as a disruptor by dissociating MMP2 from eHSP90 and
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directly inhibiting its proteolytic activity. TIMP2 also functions
as a scaffold by loading MMP2 to HSP90, keeping MMP2 in
an intermediate inhibitory state in vitro and in CM of fibroblast
cells in vivo. We also show that the stress-inducible activating
co-chaperone AHA1 is secreted from cells. TIMP2 and eAHA1
compete for binding and displace each other from the
eHSP90:MMP2 complex, modulating MMP2 proteolytic
activity and in situ gelatinolytic activity of mouse fibroblasts
and human HT1080 fibrosarcoma cells. Our results show a
mechanism where co-chaperones TIMP2 and AHA1 act
competitively in their binding to eHSP90 and as a result
directly impact client MMP2 activity and extracellular
proteolysis.

Pharmacologic inhibition of HSP90 leads

to induction of the cell stress response,

which resembles a heat shock stress.
Treating HEK293 cells with the HSP90 inhibitor ganetespib
(GB) led to a stress response, which was confirmed by the induc-
tion of HSP70 (Figure S1A). We also observed a statistically sig-
nificant 2-fold increase in TIMP2 expression (Figure 1A). The
mammalian TIMP family is composed of four members, TIMP1,
TIMP2, TIMP3, and TIMP4 (Jackson et al., 2017). No significant
changes were observed in TIMP1, TIMP3, and TIMP4 levels,
suggesting that the mechanism of transcriptional induction is
unique for TIMP2 (Figure S1A). Noticeably, treatment with
biotinylated GB (Bio-GB), previously shown to be plasma
membrane impermeant (McCready et al., 2014), had no impact
on TIMPs or HSP70 expression (Figures S1B and S1C). We
next addressed the effect of drug treatment on TIMP2 protein
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levels. First, we verified that the amount of GB used was not
cytotoxic in 24-h drug-treated HEK293 cells (Figure S1D). We
confirmed an increase of TIMP2 over 24 h of treatment of
HEK293 cells with GB, both in cell extracts and, following
normalization to total cellular protein levels (GAPDH loading con-
trol), CM (Figure 1B). As expected, the levels of active bona fide
HSP90 client, phospho-S473-AKT, were decreased following
drug treatment.

We then examined whether heat shock stress directly impacts
TIMP2 protein expression. Heat-shocked HEK293 cells were im-
munoblotted after normalization to total protein from cell ex-
tracts (GAPDH control). Levels of TIMP2 and the stress-inducible
proteins Hsp70, AHA1, and HOP (positive controls) increased
both in cell extracts and CM, whereas the levels of other TIMPs
members remained either unchanged (TIMP4) or decreased
(TIMP1 and TIMP3) (Figure 1C). Cancer cells secrete significantly
high levels of Hsp90 (Li et al., 2013). Treatment of HT1080 cells
with GB confirmed the upregulation of TIMP2, as well as AHA1
and HOP co-chaperones in cancer cells extracts and CM
(Figures 1D and S1E).

Heat shock factor 1 (HSF1) is a transcription factor rapidly acti-
vated upon cell stress and required for stress-induced heat
shock response (Budzynski and Sistonen, 2017; Vihervaara
and Sistonen, 2014). Subsequently, we determined the role of
HSF1 on TIMP2 response to proteotoxic stress. Wild-type
hsf1** and hsf1~~ murine embryonic fibroblasts (MEFs) were
untreated (C), heat shocked (HS), or treated with the protein-
damaging agents CdSO, (Cd) or celastrol (Budzynski and Sisto-
nen, 2017). mRNA levels of TIMP2 and HSP70 (HSP1A/B) were
quantified by gRT-PCR (Figures 1E and S1F). TIMP2 mRNA
was markedly induced (2-fold increase) in stressed hsf1*’*
MEFs, whereas hsf1~'~ MEFs displayed 40% lower induction,
indicating that TIMP2 is an HSF1 target gene (Figure 1E). Anal-
ysis of existing chromatin immunoprecipitation sequencing
(ChIP-seq) data on hsf1** and hsf1~'~ MEFs, reported by Mahat
and co-workers (Mahat et al., 2016), revealed two stress-induc-
ible HSF1-binding sites upstream of the TIMP2 gene (Figure 1F).
The precise run-on and sequencing (PRO-seq) data (Mahat
et al., 2016) showed a strong transcriptional induction of
TIMP2 in heat-shocked hsf1*’* MEFs, but the induction was
less prominent in hsf1~'~ MEFs (Figure 1G). Taking together
the results of mRNA, ChIP-seq, and PRO-seq analyses, we
conclude that the expression of the TIMP2 gene is stress induc-
ible and enhanced by HSF1. Overall, TIMP2 is induced upon
pharmacologic inhibition of HSP90 and other proteotoxic
stressors that activate HSF1.

TIMP2 Directly Binds to the Middle Domain of eHSP90«

Our data on stress induction of TIMP2 prompted us to examine a
possible interaction between HSP90 and TIMP2. Recombinant
HSP90a-Hisg was first bound to nickel-nitrilotriacetic acid
(Ni-NTA) agarose and then incubated with recombinant TIMP2
(Figures 2A and S2A). The addition of 10 ng or 50 ng TIMP2 re-
sults in complex formation with HSP90a-Hise. Interestingly,
high amounts (~200 ng) of TIMP1, TIMP3, and TIMP4 show min-
imal interaction, suggesting that TIMP2 has a stronger binding
affinity to HSP90a (Figure S2B). We next examined the in vivo
interaction between HSP90« and TIMP2. Since HSP90 adopts
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a variety of functional conformational states in the process of
ATP binding and hydrolysis (Schopf et al., 2017), we expressed
the wild type (WT) and two HSP90a mutants, D93A (non-ATP
bound, which promotes an “open” conformation) and E47A
(ATP bound non-hydrolyzing, which promotes a ‘“closed”
conformation) (Figure 2B). Following immunoprecipitation (IP)
using anti-FLAG M2 affinity gel from CM (Cortes et al., 2018),
endogenous TIMP2 was co-immunoprecipitated with eHSP90a,
binding stronger to either mutant compared to WT HSP90
(Figure 2B).

HSP90 is composed of N- (amino), M- (middle), and C-
(carboxyl) domains (Sahasrabudhe et al., 2017). HSP90 WT
and FLAG-tag domains were secreted in HEK293 cells CM and
immunoprecipitated as previously shown (Song et al., 2010). It
appears that endogenous TIMP2 interacts with the M-domain
of eHSP90« (Figure 2C). In similar reciprocal experiments, the
N-domain (residues 27-152) or the C-domain (residues
153-220) of TIMP2-Hisg was co-expressed with HSP90a.-he-
magglutinin (HA) in HEK293 cells. Following TIMP2-Hisg or
eHSP90a-HA precipitation from the CM (Figures 2D-2F) we
show that only the N-TIMP2 interacts with eHSP90a. Taken
together, the data show that TIMP2 and HSP90« directly interact
in vitro and in vivo.

TIMP2 Co-chaperone Is a Potent Inhibitor of eHSP90
Function

HSP90 ATP binding and hydrolysis are coupled to its chaperone
function (Panaretou et al., 1998; Schopf et al., 2017). To establish
the impact of TIMP2 on HSP90 binding to ATP, we used
isothermal titration calorimetry (ITC) for (HSP90a.:TIMP2):ATP
and HSP90u:ATP (control) protein complexes (Figures 3A and
S3A). Full-length recombinant HSP90a. and TIMP2 proteins
were mixed at stoichiometrically equivalent molar ratios. Consis-
tent with previous studies for both human and yeast HSP90,
we measured the HSP90a:ATP dissociation constant (Kp) of
270 + 100 puM (Figure S3A) (McLaughlin et al., 2004; Prodromou
et al., 1997). TIMP2 increases HSP90c. binding to ATP more
than 4-fold in the (HSP90w:TIMP2):ATP complex, with a
measured Kp of 65 + 24 uM (Figure 3A). The role of TIMP2 on
eHSP90’s ability to bind to ATP was next examined using a
TIMP2-deficient (TIMP2~~) MEF cell line (Wang et al., 2000).
We show that eHSP90 binds to agarose-ATP following pull-
down of endogenous eHSP90 from CM (Figure 3B). Pretreat-
ment of TIMP2~/~ MEFs with TIMP2 significantly increases the
binding of eHSP90 to ATP, and TIMP2 also forms a complex
with eHSP90 (Figure 3B). In contrast, treatment with same
amount of TIMP1 has no effect on the binding of eHSP90 to
ATP. Similar experiments using WT MEFs (expressing endoge-
nous TIMP2) confirmed the above data (Figure S3B). Therefore,
TIMP2 has the ability to increase HSP90 binding to ATP in vitro
and in vivo.

Given that eHSP9O0 binds to ATP, we next tested its ability to
hydrolyze ATP. HEK293 cells were transfected with HSP90a-
FLAG, and cell extracts and CM were collected for HSP90a-
FLAG purification. ATPase activity of HSP90q. isolated from
cell extracts and CM (Figure S3C) was measured using PiPer
Phosphate Assay (see STAR Methods and Dunn et al., 2015)
(Figures 3C and S3D). Percentage ATPase activity was based
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PAGE (Figure S3G). The data revealed that eHSP90 migrates

Coomassie e o

TIMP2-Hisg
WT _c ,

Figure 2. The N-Terminal Domain of TIMP2

Interacts with M-Domain of eHSP90«

(A) Pull-down of recombinant HSP90a.-Hisg bound

to Ni-NTA agarose followed by co-pull-down

of recombinant human TIMP2 (10 ng or 50 ng

added).

(B) Immunoprecipitation (IP) of transiently ex-

127 pressed eHSP90ua-FLAG, E47A-eHSP90ux-FLAG

N (closed conformation mutant) and D93A-eH-

IP SP900a.-FLAG (open conformation mutant) and co-

immunoprecipitation (colP) of endogenous TIMP2

from HEK293 CM.

(C) Interaction of endogenous TIMP2 with full-

length, N- (amino), M- (middle), and C- (carboxyl)

domains of HSP90x. IP from HEK293 CM.

(D and E) TIMP2-Hisg (full-length and N-TIMP2-

Hisg) (D) and TIMP2-Hisg (full length and C-TIMP2-

1 127 194

| IC
Co-IP 1 127
(S

1 127194

127194

== fel

TIMP2-His,
EVWT C

—— == —— |nput

bndel

Co-IP

Hisg) (E) interactions (colP) with HSP90a-HA (IP)
co-expressed in HEK293 CM.

(F) Empty vector (EV), full-length, C-domain, and
N-domain of TIMP2-Hisg and HSP90a-HA were
co-expressed in HEK293 cells. Immunoblotting
was used to detect TIMP2-Hisg and co-pull-down
eHSP90a-HA from CM.

Coomassie blue stain (loading control for CM).
See also Figure S2.

1 127194
Nl

Input
127194

at ~200 kDa, confirming that secreted
HSP90 exists in a dimeric state
(Figure S3G).

We next examined the effects of
N TIMP2 on HSP90 binding to the N-termi-
gl(:I-ldown nal domain inhibitor GB (Figure 3E).
TIMP2 enhances HSP90o binding to
1 nM Bio-GB and leads to the formation
of a HSP90w:TIMP2:GB complex (Fig-
ure 3E). We also treated TIMP2~/~ MEF
w119s  CM with increasing amounts of TIMP2.
c The data showed an increase in
eHSP90 binding to 100 nM Bio-GB (Fig-
ure 3F). Taken together, we show that
eHSP90 exists as a dimer, binds to
ATP, and has ATPase activity. Our data
also show that TIMP2 is a potent inhibitor of HSP90 ATPase
activity and increases the affinity of HSP90 to both ATP and

N-terminal small-molecule inhibitors.

1 127194
—| Cc
Pulldown

1 127
-—

Coomassie @ s s o

TIMP2 Co-chaperone Functions as an Adaptor and
Disruptor of the HSP90:MMP2 Complex

It has been shown that eHSP90 binding to MMP2 impacts MMP2
stability and results in enhanced levels of active MMP2 (Eustace
et al., 2004; Song et al., 2010; Stellas et al., 2010). MMP2 is
secreted as a latent enzyme (proMMP2, 72 kDa) that is activated
extracellularly (active MMP2, 62 kDa) following proteolytic
removal of its N-terminal domain while in association with a
plasma-membrane-bound active metalloproteinase (Visse and
Nagase, 2003). We found that (100 ng) active-MMP2 and
(250 ng) proMMP2 directly bind to HSP90w in vitro (Figures
S4A-S4D).
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To understand the interplay among HSP90a, MMP2, and
TIMP2, we performed a series of in vitro protein-binding experi-
ments described in the flow diagram (Figure 4A). First, active
MMP2 was complexed with Ni-NTA-bound HSP90a-Hisg (Fig-
ures 4B, top, and Figure S4E). The addition of increasing
amounts of TIMP2 results in dissociation of MMP2 from
HSP90a-Hisg while TIMP2 forms a complex with the chaperone
(Figure 4B, top). IP of the free MMP2 from the supernatant of the
agarose mixture also showed that MMP2 was in complex with
TIMP2 (Figure 4B, bottom). Similar results were also obtained us-
ing proMMP2 in the complexes (Figures 4C and S4F). The data
demonstrate that in this setting, TIMP2 functions as a disruptor
of MMP2 from the chaperone, resulting in the formation of two
complexes, first with HSP90a and second with the released
MMP?2 (active and proMMP2) in a dose-dependent manner.
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Bio-GB by the addition of client MMP2 (Figures
4E, 4F, S4G, and S4H). To our surprise,
the addition of 25 ng active MMP2 (or
proMMP2) resulted in the formation of a
ternary complex HSP90c-Hisg: TIMP2:MMP2 (Figures 4E and
4F). The fact that less MMP2 (25 ng and 50 ng) interacts with the
HSP90a.-Hise: TIMP2 complex (Figures 4E and 4F), compared to
100 ng active and 250 ng proMMP2 with HSP90a alone (Figures
S4A and S4B), suggests that TIMP2 mediates and promotes
binding of MMP2 to the HSP90u-Hisg: TIMP2 complex. Indeed,
in the absence of TIMP2, 25 ng active or proMMP2 does not
complex with HSP90u (Figures S4G and S4H). Furthermore,
we show a gradual increase of a ternary complex formation
HSP90a-Hisg: TIMP2:MMP2 (Figures 4E and 4F). To gain further
evidence that MMP2 makes direct contact with HSP90« in this
ternary complex, we added GB (a specific HSP90 inhibitor) to
the MMP2:TIMP2:HSP90a-Hisg. As expected, GB disrupts the
interaction between HSP90 and active or proMMP2, as it would
if client MMP2 made direct contact with HSP90. Moreover, it
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Figure 4. TIMP2 Co-chaperone Functions
as an Adaptor and Disruptor of the HSP90-
MMP2 Complex

(A) Schematic flowchart of experiments in (B and C).
(B) Active MMP2 (100 ng) was added first (7) to Ni-
NTA-bound HSP90a-Hise followed by 25ng or
50ng TIMP2 (2). HSP90 pull-down, MMP2 and

I TIMP2 co-pull-down (top blot). MMP2 was IP and
: : TIMP2 was colP from the supernatant (bottom
s blot).

(C) As in (B) with the exception of ProMMP2
(250 ng) was added in place of active MMP2.

Co-pulldown

HSP90a-HiS; e w== Pulldown HSPOOa-His, = —— Pulldown (D) Schematic flowchart of experiments in (E
and F).
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TIMP2(ng) 0 25 50 Supernatant Hiss bound to Ni-NTA agarose followed by (2)
active MMP2  + + 4 TIMP2(ng) 0 25 50 indicated amounts of active MMP2. Proteins were
TIMP2 = | co.IP proMMP2  + + # pull-down and immunoblotted.
TIMP2 Ecmp (F) As in (E) with the exception of proMMP2 was
. added in place of active MMP2.
REKRAINES o 12kDa MMP2 - P (G) HSP90a-Hisg was bound to Ni-NTA agarose,
. followed by addition of TIMP2 first (7) followed by
HSPO0G + TIMP2 4 or pre active MMP2 (2). 10 M GB was added to the
MMP2 W. B. complexes and protein were analyzed by immu-
g Wash [ | Washigg Wash, pulldown nObIOtt.ing' . .
—_— § — s (H) As in (G) with the exception of proMMP2 was
added in place of active MMP2.
E F See also Figure S4.
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HSP90Q-His, == | == | e pyjidown neously. Our in vitro data demonstrate
HSP90a-His; s | === | Pulldown that TIMP2 displaces AHA1 from the
HSP90a-Hisg:AHA1 complex (Figures 5B
G GB10UM(3) - + H GB10uM (3) - + and S5B). Reciprocal experiments also
active MMP2 (2) ng 50 50 proMMP2 (2)ng 50 50 showed that AHA1 releases TIMP2 from
TIMP2(1) + + TIMP2 (1) -+ o+ HSP90a-Hiss, allowing the formation of
HSP90a-His; +  + HSP90a-His, + + ) .
i an HSP90a-Hisg:AHA1 complex (Fig-
62kDa MMP2 ey Copdlidown Tkt S s ure 5C). These data establish that the
o-pulldown
TIMP?2 cae TIMP2 | two co-chaperones, TIMP2 and AHAT,
act competitively for binding to HSP90.
HSP00-His; iue| e | Pulldown HSP90a-His; ==|== | Pulldown Interestingly, the M-domain of HSP90 is

does not disrupt TIMP2 from HSP90 (Figures 4G and 4H). These
data demonstrate that, in this setting, TIMP2 functions as a scaf-
folding co-chaperone that loads MMP2 client to HSP90.

TIMP2 and AHA1 Compete for Binding to the
HSP90:MMP2 Complex

To determine if a known HSP90 co-chaperone could displace
TIMP2 from the HSP90 complex, we first showed that common
intracellular co-chaperones, such as AHA1, PP5, and HOP, were
secreted from HEK293 cells (Figure 5A). However, p23 and
CDC37 co-chaperones were almost undetectable in CM of
HEK293 cells (Figure S5A). Endogenous TIMP2 immunoprecipi-
tated from CM of HEK293 cells showed interaction with eHSP90,
eHOP, and ePP5, but not eAHA1 (Figure 5A). These data

a binding site for the N-terminal domain
of AHA1 (Meyer et al.,, 2004). To test
whether TIMP2 binds to a similar site as
AHA1 on HSP9O0, we utilized the human HSP90x-V411E mutant
(yeast HSP82pY3°'E) that was previously shown to abolish
HSP90 and AHA1 complex formation (Meyer et al., 2004; Retzlaff
et al., 2010; Woodford et al., 2017). Following IP of WT and
mutant HSP90a-V411E-FLAG from HEK293 CM, the data
confirm that while both TIMP2 and AHA1 bind to WT HSP90q,
their binding to HSP90a-V411E is abolished (Figures 5D and
S5C). This indicates that TIMP2 and AHA1 may either share
common binding sites on HSP90 M-domain or TIMP2 binds
to a conformational epitope of HSP90 disrupted by the
HSP90a. -V411E mutation.

Given that TIMP2 modulates the HSP90a:MMP2 complex, we
next addressed how TIMP2 and AHA1 influence client binding.
First, we analyzed active MMP2 complex with HSP90 in the
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presence of AHA1 (Figure 5E). The addition of increasing amounts
of AHA1 in the formed HSP90x-Hisg: TIMP2:MMP2 complex re-
sults in the dissociation of TIMP2, which is identified in the super-
natant. Active MMP2, however, remains in complex with HSP90«
and AHA1 (Figure 5F). Similarly, the addition of TIMP2 in the
HSP90a-Hisg:MMP2:AHA1 complex results in the release of
AHA1 and the formation of an HSP90a.-Hisg:MMP2:TIMP2 com-
plex (Figures 5G and 5H). Therefore, TIMP2 and eAHA1 compete
for binding to the HSP90:MMP2 complex without disrupting the
interaction between chaperone and client protein.

Co-chaperone Deficiencies Impact Extracellular
Chaperone:Client Complexes

Fibroblasts and other stromal cells are known to secrete compo-
nents of the extracellular matrix (ECM), as well as significant
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A IP:CM E Figure 5. Extracellular AHA1 Displaces
m HSP90 + TIMP2 + acuve + AHA1 TIMP2 Co-chaperone from the HSP90:MMP2
W. B. Complex
©AHA1 Co-iP gwisr ?W“h? Was“; Fulldown . (A) Endogenous TIMP2 (or IgG control) was IP from
= | = |Input Supernatant HEK293 CM, and interaction with eHSP90 and co-
B c..r chaperones (eAHA1, ePP5 and eHOP) was deter-
ePP5 L mined by colP. GAPDH was used as a control for
| W | Input cell lysis.

W |cor F AHA1 (B) HSP90a.-Hisg (100 ng) was bound to Ni-NTA
SHOP (ng)@3) 0 1 10 50 agarose followed first by the addition of recombi-
e | s | Input active MMP2 (2) + + + + nant AHA1 (50 ng) and then by the addition of
TIMP2 (ng) (1) + + + + indicated amounts of TIMP2. Interactions were

eHSP90 | Co-P HSP90a-Hisg + + + + determined by immunoblotting.
= | s | Input AHA1 (C) HSP90a-Hise (100 ng) was bound to Ni-NTA
S— agarose followed first by the addition of TIMP2
TIMP2 P 62kDa MMP2 == e (50 ng) and then by the addition of increasing
S| | Input amounts of AHA1. Interactions were determined

- TIMP2 [ by immunoblotting.

GAPDH ~ Total (D) Wild-type and HSP90u-FLAG mutant V411E
Coomassie Lys HSP90a-Hiss == == == from HEK293 CM were bound to FLAG affinity
Blue stain  «—" Supernatant agarose and immunoblotted for HSP90 (IP) and

= TIMP2 (colP).
B Lt (E) Schematic representation of steps involved in
TIMP2 (ng) 0 10 50 formation of the HSP90:TIMP2:MMP2 complex
TIMP2 followed by the addition of AHA1.
Co-pulldown G (F) HSP90a.-Hisg (100 ng) bound to Ni-NTA agarose
AHAT HSP90 + active .+ AHAT + TIMP2 wpg Was followed by the addition of TIMP2 (50 ng)
i i Active MMP2 (50 ng) was added (2) to form the
HSP90a-His; - Pulldown gWash ?Wash Wash?S:%vgm HSP90:TIMP2:MMP2 complex. The indicated
amounts of AHA1 (3) were added, followed by pull-
C down and immunoblotting. Supernatant from the
AHAT(ng) 0 1 L above complexes was analyzed for the presence
AHA1 — of TIMP2.
Co-pulldown H (G) Schematic representation of steps involved in
TIMP2 [ TIMP2 (ng) (3) 0 10 50 the formation of the HSP90a:AHA1:MMP2 com-
i plex, followed by the addition of TIMP2.
HSP90u-His, [ENNITNIE—.] Pulldown _ AHATE@) -+ * (H) HSP90u-Hiss (100 ng) bound to Ni-NTA
actve MMP2(1) — +  + & a followed by the addition of active MMP2
HSP9OGHis. + + + garose, followed by the addition of active
D cM HSP90a-FLAG § (50 ng) (7). AHA1 (50 ng) was added (2) to form the
EV WT V411E TEZ HSPY0:MMP2:AHAT complex. The indicated
— Co-IP AHA1 —— — amounts of TIMP2 (3) were added, followed by
TIMP2 pull-down and detection by immunoblotting.
—_— Input 62kDa MMP2 === === Coomassie blue stain was used as a loading con-
trol for CM.
eHSP90a-FLAG |- |p HSP90a-Hisg == See also Figure S5.
Coomassie
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amounts of MMPs and their endogenous inhibitors (TIMPs) dur-
ing remodeling of the ECM (Bourboulia and Stetler-Stevenson,
2010; Jackson et al., 2017; Kessenbrock et al., 2010). In addition
to HSP90u secretion, AHA1 was reported to co-localize with
HSP90 in secretory vesicles and further was detected in cell
media (Eustace et al., 2004; Ghosh et al., 2015; Sims et al.,
2011). We next questioned whether the in vitro modulation of
HSP90:MMP2 complexes by TIMP2 and AHA1 could take place
in physiological conditions in vivo.

We utilized gene knockout mouse embryonic fibroblast
(MEF) or mouse adult fibroblast (MAF) cell lines in which we
exogenously supplemented their CM with physiologically rele-
vant amounts of the missing protein. CM were collected and
further analyzed in immunoblotting, IP, enzyme activity, and
gelatinolytic assays (Figure 6A). To determine what protein



A D MMP2--MEF Figure 6. The eHSP90:MMP2 Complex Is
CcM — Regulated by TIMP2/AHA1 Dynamic Interplay
+active MMP2 (A) Schematic representation of experiments in
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Rlusistaln _—— and 6D). We also questioned the compet-
itive binding of eAHA1 and TIMP2 on
c F cM AHA1" MAF eHSP90. We found that in the absence
CM MMP2 MEF + AHA1 of TIMP2 (TIMPZ’/’ MEF), eAHA1 binding
+proMMP2 Ig6 C 5 50 ng/ml to eHSP90 was stronger (Figure 6E). The
g6 C 5 50 ng/ml AHA1 = |[Co-IP addition of 50 ng/mL TIMP2 resulted in a
—|Co-IP —— e== |Input modest decrease of endogenous eAHA1
72kDa MMP2 Input 7622kk|1[')a/ =l —— |coqP interaction with eHSP90 to the level of
— Codp MMP;l — e | . s | INpUL WT MEFs (Figure 6E). Noticeably, the
TIMP2 ° el CodlP added amount of TIMP2 was similar to
————  [pUt TIMP2 | ey Bt the endogenous levels of TIMP2 in WT
eHSP90a —— — P eHSP90a e MEF CM (see Figure 6E, TIMP2 Input).
Consistent with the in vitro data, the
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concentrations to add that are physiologically relevant, secreted
levels of MMP2, TIMP2, and eAHA1 in CM were estimated
using combination of available mouse ELISAs and immunoblot-
ting (Figures S6A and S6B). CM volumes were normalized to
total protein from cell extracts (GAPDH control in extracts), and
protein levels were also compared to 50 ng/mL recombinant
protein as a control (Figure S6B). Following IP of endogenous
eHSP90« from CM, we identified extracellular interactions with
endogenous MMP2 (Figure 6B), TIMP2 (Figures 6C and 6D),
and eAHA1 (Figures 6E and 6F). Supplementing of TIMP2~/~
MEFs with increasing amounts of TIMP2 led to evident disruption
of endogenous MMP2 from eHSP90« and led to the formation of
an eHSP90a: TIMP2 complex (Figure 6B). The addition of pro-
and active MMP2 in MMP2~/~ MEFs resulted in the formation
of eHSP90a:TIMP2:MMP2 ternary complexes (Figures 6C

released TIMP2 from the eHSP90:-

TIMP2:MMP2 complex (Figure 6F). Our

data suggest that the competition and
interplay seen between TIMP2 and AHA1 in vitro also occurs
in vivo.

AHA1 and TIMP2 Exert Opposite Functions on MMP2
Activity and Matrix Degradation

To understand how TIMP2 and AHA1 dynamic interplay affects
MMP?2 activity when in complex with HSP90, we performed fluo-
rometric enzyme kinetic assays (Sanchez-Pozo et al., 2018).
HSP90q.:active MMP2 complexes (~1:1 molar ratio) or MMP2
alone was incubated at 4°C, and MMP2 enzymatic activity was
determined at 25°C (pH 7.4). Titrating HSP90x against active
MMP2 (0.2 nM) does not impact protease activity (Figure S7A).
Following titration of TIMP2, the activity of MMP2 alone or in
complex with HSP90a was completely repressed (Figure S7B).
We next formed the HSP90a-Hisg:TIMP2:MMP2 ternary
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complex by adding active MMP2 to the HSP90a-Hisg: TIMP2
complex. MMP2 activity was reduced by ~75% when in com-
plex with HSP90a-Hise: TIMP2 (Figure S7C). The data suggest
that HSP90«, when bound to MMP2, does not directly affect
proteolytic activity and is also unable to protect MMP2 from
TIMP2-mediated inhibition.

We showed earlier that AHA1 displaces TIMP2 from the
HSP90a-Hisg: TIMP2:MMP2 complex. We therefore tested
whether displacement of TIMP2 by AHA1 reactivates MMP2 in
complex with HSP90a. Increasing amounts of AHA1 do not affect
the activity of MMP2 alone or in complex with HSP90q. (Figures
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Figure 7. Opposing Effects of the Co-chap-
erones AHA1 and TIMP2 on MMP2 Activity
and Matrix Degradation

(A)  HSP90o:TIMP2:MMP2 complexes were
formed on Ni-NTA beads, followed by the addition
of the indicated amounts of AHA1 and further
addition of increasing amounts of TIMP2. MMP2
activity (%) was determined. Error bars represent
the SEM of at least two independent experiments.
Statistical significance was determined between
control (no AHA1) and 200 ng AHA1.

(B) TIMP2/~ MEF cells were treated with

% Gelatinolytic Activity

IgG Ab
increasing amounts (0-50 ng/mL) of TIMP2. Gelat-

inolysis of CM was measured using DQ fluorescent
cM gelatin. End-point measures were taken. Error bars
HT1080 represent SEM of n = 2 independent experiments.

(C) MMP2/~ MEF cells were treated with
increasing amounts (0-50 ng/mL) of 62-kDa active
MMP2. Gelatinolytic activity was measured and
presented as percentage of 50 ng/mL MMP2. Error
bars represent SEM of n = 2 independent experi-
ments.

0 (D) AHA1™~ MAF or TIMP2~/~ MEF cells were left

C Mouse AHA1 untreated or treated with increasing amounts of
IgG recombinant AHA1 (0-50 ng/mL). End-point mea-
surements were taken. Error bars represent SEM of
n = 2 independent experiments.
(E and F) MEF WT ** and HT1080 human fibro-
sarcoma cells were treated with anti-TIMP2
(10 pg/mL) or anti-AHA1 (20 pg/mL) antibodies,
respectively, or isotype IgG and PBS (C) controls.
Gelatinolytic activity in CM was measured using DQ
gelatin degradation and plotted as a percentage of
untreated control. Error bars represent SEM of n=3
independent experiments, comparing treated
versus IgG controls. ns, non-significant.
(G) Model of the mechanism described in this study.
Extracellular ~molecular chaperone HSP90
(eHSP90) binds directly to its secreted client active
protease, MMP2. Co-chaperone TIMP2 facilitates
the HSP90:MMP2 complex dissociation, resulting
in the formation of a terminally inactivated MMP2 in
complex with TIMP2 (inactive, top). TIMP2 binds
directly to HSP90, and additional “intermediate”
inhibitory complexes can be formed with MMP2
until competing co-chaperone AHA1 switches
MMP2 activity back on. The equilibrium between
TIMP2 and AHA1 and possibly other unknown
extracellular signals or modifications maintain the
HSP90:client complexes in a standby mode. CAT,
catalytic; CTD, C-terminal domain.
Significance: *p < 0.05; **p < 0.01; **p < 0.001;
****p < 0.0001. See also Figure S7.
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S7D-S7F). We then formed the HSP90a.-Hisg: TIMP2: MMP2 com-
plex by performing pull-down experiments as shown earlier (Fig-
ures 5E and 5F). AHA1 promoted the “reactivation” of MMP2 in
the newly formed HSP90-Hiss:MMP2:AHA1, showing an average
increase in activity of 32% (0-200 ng of AHA1) (Figure 7A). The
addition of TIMP2 to the ternary HSP90a-Hisg:MMP2:AHA1 com-
plex reverses MMP2 activity back to the inhibited state (Figures 7A
and S7G). These findings provide strong evidence of an interme-
diate state of MMP2 activity that is dependent, and tightly modu-
lated by, the interplay between co-chaperones TIMP2 and AHA1
binding to HSP90.



To gain further insight of this mechanism in vivo, TIMP2~/~
MEF, MMP2~'~ MEF, and AHA1~'~ MAF CM were treated exog-
enously with MMP2 or co-chaperones (Figure 6A). Gelatinolytic
activity was measured by in situ zymography using a DQ-gelatin
fluorescence substrate assay. The activity of endogenously
secreted gelatinases, MMP2 and MMP9, and their inhibitors,
TIMP2 and TIMP1 respectively, were confirmed by gelatin and
reverse zymography (Figures S7H-S7K) in indicated CM. It is
worth noting that TIMP2~/~ MEF and AHA1~/~ MAF CM secrete
larger amounts of MMP2 than control WT MEFs, whereas the ac-
tivity of gelatinase MMP9 is insignificant (Figures S7H and S71).
Similarly, MMP2~/~ MEF and AHA1~/~ MAF CM also contain
high amounts of TIMP2 and TIMP1 and are comparable to WT
MEFs. Finally, the added amounts of active MMP2 in MMP2~/~
MEFs or TIMP2 in TIMP2~/~ MEFs were well within WT MEF pro-
tein levels (Figures S71 and S7J).

To test the impact of TIMP2 in a physiologically relevant set, we
activated endogenous MMP2 with the addition of APMA (4-ami-
nophenylmercuric acetate), since MEF TIMP2~/~ cells secrete
endogenous proMMP2 that has no activity (Figure S7H, green
border) (Caterina et al., 2000; Wang et al., 2000). APMA-activated
MMP2 CM were supplemented with increasing amounts of TIMP2
for 1 h, and CM were collected to measure gelatinolytic activity
(Figures 7B and S7L). The addition of 5 ng/mL TIMP2 that does
not dissociate MMP2 from HSP90 (Figure 6B) reduced gelatino-
lytic activity by almost 40%, suggesting TIMP2 inhibited free,
HSP90-unbound active MMP2. However, 50 ng/mL TIMP2 disso-
ciates MMP2 from HSP90 and inhibits gelatinolysis even further.
We next tested whether the addition of active MMP2 will result
in an inhibitory ternary complex. Active MMP2 at 50 ng/mL
increases the gelatinolytic activity in CM of MMP2~/~ MEF
compared to untreated or 5 ng/mL active MMP2 (Figure 7C). How-
ever, 50 ng/mL recombinant active MMP2 alone or in MEF
TIMP2~/~ (control, in the absence of TIMP2) was over 4-fold
more proteolytically active, suggesting that the added MMP2
was inhibited by endogenous TIMP2 in the CM.

We earlier showed that AHA1 replaces TIMP2 (Figures 5F and
6F) and activates the HSP90a-Hise: TIMP2:MMP2 complex
in vitro (Figure 7A). The addition of increasing amounts of
AHA1 protein to AHA1 ™/~ MAFs also enhances gelatinolysis (Fig-
ure 7D). It is worth noting that control treatments of 50 ng/mL
AHA1 alone (Figure S7M) or in TIMP2~~ MEF CM (in the
absence of TIMP2) had no significant impact on gelatinolytic ac-
tivity (Figure 7D). These data suggest that AHA1 reactivates
MMP2 in vitro and in vivo through TIMP2 displacement. We
further revealed the opposing functions of TIMP2 and AHA1 in
physiological settings by treating MEF WT+/+ or HT1080 cells
with anti-TIMP2, anti-AHA1, or immunoglobulin G (IgG) control
antibodies (Figures 7E and 7F). Indeed, blocking endogenous
secreted TIMP2 increases the gelatinolytic activity in both MEF
WT and HT1080 cells, whereas blocking endogenous secreted
AHA1 has the opposite effect.

DISCUSSION
By definition, co-chaperones are accessory proteins that facili-

tate functional flexibility and specificity within the HSP90 chap-
erone machinery (Sahasrabudhe et al., 2017; Schopf et al.,

2017). In here, we have identified TIMP2, a ubiquitous and
constitutively expressed secretory protein (Bourboulia and Ste-
tler-Stevenson, 2010; Jackson et al., 2017), as a bona fide extra-
cellular co-chaperone of eHSP90. We have demonstrated that
TIMP2 is a stress-inducible protein, since heat shock, the
HSP90 inhibitor GB, and other proteotoxic stressors upregulate
TIMP2 both at the transcriptional and translational levels. Com-
bined with the data-mining analysis of the previous work by
Mahat and co-workers (Mahat et al., 2016), these data indicate
that TIMP2 is induced upon stress and that its transcription is
enhanced in the presence of HSF1. In pathologies that trigger
cell stress such as cancer, where it has been well established
that eHSP90 and eHsp70 levels are also increased, our findings
become highly relevant (De Maio and Vazquez, 2013; Li et al.,
2012b; Song et al., 2010; Wong and Jay, 2016). While cytosolic
AHA1 is an established stress-inducible activating co-chap-
erone (Panaretou et al., 2002; Sahasrabudhe et al., 2017), our
study is the first to show that, like TIMP2, extracellular AHA1
(eAHA1) is also upregulated upon heat shock and drug treat-
ment. Pharmacologic inhibition of eHSP90 would, therefore, in-
crease TIMP2 and/or eAHA1 levels, which will consequently
impact matrix degradation and tumor cell invasiveness.

A required element in cytosolic HSP90 chaperone function is
its ATP binding and hydrolysis (Hessling et al., 2009; Prodromou,
2012). Although it has been suggested that eHSP90 may chap-
erone clients in an ATP-independent manner (Sims et al., 2011;
Song et al., 2010), the role of extracellular ATP (eATP) in
eHSP90 function is yet to be determined. Upon stress and dis-
eases such as cancer, cells release more ATP, increasing
eATP levels (Guzman-Aranguez et al., 2017; Stagg and Smyth,
2010). While TIMP2 is a secretory protein that regulates MMP2
activity, either directly or through eHSP90, in light of our data,
we can speculate that eHSP90 in association with TIMP2 has
higher affinity toward the limited available amounts of eATP,
kick-starting an optimum chaperoning function toward eHSP90
clients. While the extracellular role of AHA1 remains to be uncov-
ered, its secreted levels appear to be critical for the regulation of
the eHSP90:MMP2 activity. As MMP/TIMP protein level ratio
imbalance alters the ECM composition and facilitates the devel-
opment of cancer and metastatic disease (Moore and Crocker,
2012), the TIMP2/eAHA1 level ratio may also be an important
player in disease progression.

We have shown that the N-domain of TIMP2 interacts with the
M-domain of HSP90 and inhibits its ATPase activity. TIMP2
could obstruct the conformational changes in the catalytic loop
within the M-domain of HSP90, preventing the release of argi-
nine-400 from its inactivation conformation, therefore inhibiting
HSP90. This scenario is further strengthened by the fact that
activating co-chaperone AHA1 is also secreted and competes
with TIMP2 for binding to eHSP90. Although the V411E mutation
may have prevented TIMP2 from binding to HSP90, our data
indicate that TIMP2 could occupy the same epitope in the
M-domain of HSP90 as the one that AHA1 binds to. This appears
to provide TIMP2 with a scaffolding function that loads MMP2 to
eHSP90 in order to form a HSP90:TIMP2:MMP2 complex.
Based on our findings here and also previously published work
(Song et al., 2010), we speculate that the N-domain of TIMP2
binds to the active site (N-domain) of MMP2 while the C-domain
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of MMP2 interacts with eHSP90. Our claim is further strength-
ened by the fact that MMP2 in this complex is in a standby inhib-
itory state, which can be reversed by the co-chaperone AHA1.
This leads to displacement of TIMP2 and subsequent reactiva-
tion of MMP2 in complex with eHSP9O0 (Figure 7G).

TIMP2 co-chaperone functions as a disruptor of the
MMP2:eHSP90 complex. TIMP2 appears to bind independently
to both MMP2 and eHSP9O. It is unclear whether TIMP2’s asso-
ciation with MMP2 and eHSP90 occurs sequentially or simulta-
neously. Irrespective of the order of events, the addition of
TIMP2 disrupts this complex and ultimately leads to the inhibition
of MMP2 activity. These data become more physiologically rele-
vant as eHSP90 associates with MMP2 and promotes its stabil-
ity. This extracellular stable protease pool drives pathological
processes including cell migration, invasion, and angiogenesis
in cancer. We can deduce that upregulation of the inhibitor
TIMP2 will suppress the enhanced proteolytic and invasive envi-
ronment. Recent studies have reported AHA1 in promoting cell
migration and invasion (Desjardins et al., 2012; Ghosh et al.,
2015). Our observation that eAHA1 promotes matrix degradation
indicates that eAHA1 may in fact achieve this through the reac-
tivation of gelatinase MMP2.

In conclusion, eHSP90 appears to utilize two secreted co-
chaperones with opposing functions, TIMP2 and AHAT1, in order
to become a more beneficial chaperone for MMP2. Ultimately,
this interplay determines client stability and net activity by co-
chaperone-mediated MMP2 client inhibition and reactivation
when in complex with HSP90. The question remains whether
this mechanism also applies in a similar fashion to other
eHSP9O0 client proteins.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-rabbit TIMP1 Abcam Cat# AB1827; RRID: AB_302627
Anti-rabbit TIMP2 Cell Signaling Cat #5738s; RRID: AB_10694774

Anti-rabbit TIMP3

Anti-rabbit TIMP4

Anti-rabbit MMP2

Anti-mouse MMP2

Anti-rabbit HSP70

Anti-rabbit AHA1

Anti-mouse AHA1

Anti-rabbit FLAG tag

Anti-mouse 6x-His epitope tag (HIS.H8)
Anti-rat HSP90 (16F1)

Anti-mouse GAPDH (1D4)
Anti-rabbit Phospho-Akt S473 (D9E)
Anti-mouse Akt (2H10)

Anti-rabbit HA-Tag (C29F4)
Anti-mouse secondary

Anti-rabbit secondary

Anti-rat secondary

Mouse IgG; isotype

Goat IgG, isotype

Anti-Goat TIMP2

Cell Signaling Technology
NOVUS Biologicals

Cell Signaling Technology
Millipore

StressMarq Biosciences
Stress Marq Biosciences
Stress Marq Biosciences
Thermo Scientific
Thermo Scientific

Enzo Life Sciences

Enzo Life Sciences

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotech

Santa Cruz Biotech

Santa Cruz Biotech

R&D Systems

Abcam

R&D Systems

Cat# 5673s; RRID: AB_10694530

Cat# AF974; RRID: AB_2205240

Cat# 13132S; RRID: AB_2798128

Cat# MAB3308; RRID: AB_2235453
Cat# SPC-103; RRID:AB_2570584

Cat# SPC-183D; RRID:AB_2224092
Cat# SMC-172; RRID:AB_2242422
Cat# PA1-984B; RRID:AB_347227

Cat# MA1-21315; RRID:AB_557403
Cat# ADI-SPA-835; RRID:AB_11181205
Cat# ADI-CSA-335; RRID:AB_10617247
Cat# 2289; RRID:AB_2315049

Cat# 2967; RRID:AB_331160

Cat# 3724; RRID:AB_1549585

Cat# sc-2005; RRID:AB_631736

Cat# sc-2004; RRID:AB_631746

Cat# sc-2006; RRID:AB_1125219

Cat# MAB002; RRID: AB_357334

Cat# AB37373

Cat# AF971-TM; RRID: AB_355752

Chemicals, Peptides, and Recombinant Proteins

Ganetespib

Ganetespib, Biotinylated

Fluorescent Substrate: Dabcyl-GPLGMRGK(5FAM)-NH2
MMP-2 (Active)

Pro-MMP-2

TIMPA

TIMP2, 21.8kDa, E.coli, active

TIMP2, 21.8kDa

TIMP2-Hisg

TIMP3

TIMP4

hAHA1

HSP90Hisg

AMP-PNP

Adenosine 5'-triphosphate (ATP) disodium salt hydrate
Celastrol

CdSO4

Madrigal Pharma (formerly
Synta Pharmaceuticals)

Madrigal Pharma (formerly
Synta Pharmaceuticals)

BioZyme Inc.
Sigma-Aldrich
Sigma-Aldrich
R&D

ProSpec

R&D

NCI, Dr W. Stetler-Stevenson

R&D
R&D

In House
In House
Sigma
Sigma
Sigma
Sigma

STA-9090 CAS# 888216-25-9
(Ying et al., 2012)

STA-12-7191 (Ying et al., 2012)

Cat# PEPDABO11
SRP3118
PF023-5UG

QB6FGX5

ENZ-782

P16035

(Yamada et al., 2018)
P35625

Q99727

(Dunn et al., 2015)
(Woodford et al., 2017)
Cat# 101025470001
Cat# FLAAS

Cat# C0869

Cat# 481882

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

Mirus TransIT-2020 MirusBio Cat# MIR5405
PiPer Phosphate Assay ThermoFisher Scientific Cat# P22061
Anti-FLAG M2 affinity gel Sigma-Aldrich Cat# A2220
Bradford Assay Bio-Rad Cat# 5000205

Protein G agarose

ATP agarose

Strep agarose

Ni-NTA Agarose

iScript cDNA Synthesis Kit

iTaqg SYBR GREEN

Purelink RNA mini-kit

Total MMP-2 Quantikine ELISA Kit

Mouse HSP90/Heat shock protein 90 Elisa Kit (Sandwich
ELISA)

Dq Gelatin — EnzChek Gelatinase/Collagenase Assay Kit
SensiFAST SYBR lo-ROX kit

RNeasy mini kit

Pierce LDH Cytotoxicity Assay Kit

ThermoFisher Scientific
Novus Biologicals
ThermoFisher Scientific
ThermoFisher Scientific
BIO-RAD

BIO-RAD

Ambion

R&D

LSBio

Molecular Probes
Bioline

QIAGEN
ThermoScientific

Cat# 15-920-010
Cat# 510-0002
Cati# 20349
Cat# 88221

Cat# 170-8891
Cat# 172-5121
Cat# 12183025
Cat# MMP200
Cat#LS-F21385

Cat# D-12054
Cat# BIO-94005
Cat# 74136
Cat#88953

Experimental Models: Cell Lines

HEK293
HT1080
TIMP2 ) MEF

AHAT () MAF
MMP2 (~/~) MEF

MEF WT

ATCC
ATCC

Cornell University Dr. Paul

D. Soloway

University of Geneva,
Switzerland Dr. Didier Picard
University of British Columbia,
Dr. Christopher Overall
Brigham & Womens Hospital,
Boston, Dr. David Kwiatkowski

Cat# CRL-1573
Cat# CCL-121
(Wang et al., 2000)

(Echeverria et al., 2011)

N/A

(Woodford et al., 2017)

Oligonucleotides

gRT-PCR Primers Eurofins Genomics See Table S1
Recombinant DNA

pcDNA3-HSP90a-HA (Woodford et al., 2017) N/A
pPcDNA3-HSP90a-Hisg (Woodford et al., 2016) N/A
pcDNA3-HSP90a-Flag (Woodford et al., 2017) N/A
pcDNA3-HSP90a-E47A (Woodford et al., 2017) N/A
pcDNA3-HSP90a-DI3A (Woodford et al., 2017) N/A
pcDNA3-HSP90a-V411E (Woodford et al., 2017) N/A
pcDNA3-C-HSP90-FLAG (Woodford et al., 2016) N/A
pcDNA3-M-HSP90-FLAG (Woodford et al., 2016) N/A
pcDNA3-N-HSP90-FLAG (Woodford et al., 2016) N/A
pcDNA3-TIMP2-Hisg This Work N/A
pcDNA3-N-TIMP2-Hisg This Work N/A
pcDNA3-C-TIMP2-Hisg This Work N/A
Software and Algorithms

GraphPad Prism 7.0 Graphpad Software https://www.graphpad.com

Nanoanalyse
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TA Instruments

https://www.tainstruments.com

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
ImageJ Imaged Developers (NIH) https://imagej.nih.gov/ij/
Integrative Genomics Viewer (IGV) Broad Institute and the http://software.broadinstitute.org/
Regents of the University software/igv
of California

LEAD CONTACT AND MATERIALS AVAILABILITY

Any further requests or information about reagents or resources should be directed to and will be fulfilled by the Lead Contact;
Dr. Dimitra Bourboulia, (bourmpod@upstate.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mammalian Cell Culture

Cultured cell lines: human embryonic kidney (HEK293), hsf1*/* and hsf1~/~ murine embryonic fibroblasts (MEF) (McMillan et al.,
1998), WT MEF, TIMP2~/~ ras/myc MEF (Wang et al., 2000), MMP2~/~ ras/myc MEF, AHA1~/~ murine adult fibroblasts (MAF) (Eche-
verria et al., 2011) and human fibrosarcoma HT1080 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich). hsf1*/* and hsf1~'~ MEF were cultured in high glucose DMEM
(Sigma) containing 10% FBS (Biowest), 2mM L-glutamine (Sigma), streptomycin (100ug/ml) penicillin (100U/ml) (both from VWR),
and supplemented with 1XMEM nonessential amino acid solution (Sigma). HEK293 were acquired from (American Type Culture
Collection, ATCC). The TIMP2~/~ ras/myc MEF was a generous gift from Prof. Paul Soloway, Cornell University. The MMP2~/~
ras/myc MEF was a generous gift from Prof. Chris Overall, The University of British Columbia. The AHA1~/~ MAF was a generous
gift from Prof. Didier Picard and Dr. Pablo Echeverria, University of Geneva. All cell lines were maintained in a CellQ incubator (Pana-
sonic Healthcare) at 37°C in an atmosphere containing 5% CO..

METHOD DETAILS

Mammalian Protein Expression

All exogenously expressed proteins were prepared from transiently transfected HEK293 cells. Plasmids (see Key Resources Table)
were transfected using TransiiT-2020 Reagent with 2ug plasmid as per manufacturer’s protocol. Cells were washed and serum
starved with serum free media. Cell-released proteins generated cell-conditioned media (CM). The experiments performed using
cell CM represent our in vivo studies. Cell extracts and CM were collected as listed below.

Immunoblotting and Protein Extraction

Immunoblotting and cellular protein extraction was carried out as previously described in (Dunn et al., 2015). Cell conditioned media
(CM) was collected following serum starvation of cells with media containing no supplementing fetal bovine serum (FBS) (Cortes
et al., 2018). The CM was centrifuged at 1000rpm for 5-10 mins at 4°C to remove pelleted cells, preventing contamination from
cell extracts. CM were concentrated 10x using Amicon Ultra 3K or 10K centrifugal filters (Millipore) according to the manufacturer’s
protocol. Proteins were separated by SDS-PAGE, and either stained with Coomassie Blue Stain for loading control, or transferred to
nitrocellulose membrane, and detected by immunoblotting with antibodies listed in Key Resources Table.

Ni-NTA Pulldown and Immunoprecipitation

IPs and pulldowns of both in vitro purified proteins, and in vivo cell extracts and conditioned media were performed as described in
(Sanchez-Pozo et al., 2018; Woodford et al., 2017). For immunoprecipitation, cell extracts and CM were incubated with anti-FLAG
conjugate beads or anti-HA conjugate beads for 2 hours at 4°C or with HSP90«. or TIMP2 antibodies for 1hr at 4°C followed by protein
G agarose for 2 hours at 4°C. Pulldowns were prepared following incubation with Ni-NTA agarose or ATP conjugated agarose for 2
hours at 4°C. Pellets were washed 4 times with fresh lysis buffer (20mM HEPES pH7.0, 100mM NaCl, 1mM MgCl,, 0.1% NP40, pro-
tease inhibitor cocktail (Roche), and PhosSTOP (Roche)) and eluted in 5x Laemmli buffer. The samples were then boiled and
immunoblotted.

RT-PCR

Following serum starvation, HEK293 cells were treated with either 1uM of HSP90 inhibitor Ganetespib, 1M of biotinylated-Ganetes-
pib or DMSO control. Following 8 or 24 hours treatment, extracts were collected. RNA was extracted using RNA extraction mini-kit,
and quantified using NanoQuant (TECAN). 1ug of RNA from each sample was reverse transcribed into cDNA using iScript cDNA
synthesis kit (BIO-RAD). RT-gPCR analysis was performed using nucleic acid stain SYBR-GREEN (BIO-RAD) and specific g°PCR

Cell Reports 28, 1894-1906.e1-e6, August 13, 2019 e3

OPEN

ACCESS
CellPress



mailto:bourmpod@upstate.edu
https://imagej.nih.gov/ij/
http://software.broadinstitute.org/software/igv
http://software.broadinstitute.org/software/igv

OPEN

ACCESS
CellPress

oligonucleotide primers: GAPDH, TIMP1, TIMP2, TIMP3, TIMP4 and HSP70 control. mRNA expression levels were analyzed over
GAPDH control.

Drug Treatment of HEK293 and HT1080 Human Fibrosarcoma

HEK293 and HT1080 fibrosarcoma cells were cultured to a confluency of 70%. Cells were subsequently serum starved and treated
with DMSO (negative control) or 1-2 uM Ganetespib. Subsequently cells were cultured for a further 24 hours in unsupplemented
DMEM. Cell extracts and conditioned media were collected from cells for immunoblotting.

Heat shock of HEK293 cells
HEK?293 cells were heat shocked at 42°C in a water bath for 1 hour. Cell media were replaced with serum free media and incubated at
37°C for 24 hours. CM and cell extracts were collected and analyzed by immunoblotting.

Hsf1, stressors and qRTPCR

For treatments, 0.5x10°8 hsf1*/* and hsf1~/~ MEF cells were used. Heat shock was conducted in a water bath at 42°C for 1 h. CdSO,
(Sigma), dissolved in sterile water, was used at a concentration of 60 uM for 3 h, while celastrol (Sigma) dissolved in DMSO was used
at a concentration of 4 uM for 2 h. A control sample was treated with vehicle (DMSO).

RNA was isolated using an RNeasy mini kit (QIAGEN) according to the manufacturer’s instructions and quantified using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Then, one pg of total RNA was reverse transcribed with an iScript kit
(Bio-Rad). SensiFAST Probe lo-rox kit and SensiFAST SYBR lo-ROX kit (Bioline) were used for gRT-PCRs that were performed
with QuantStudio3 real-time PCR systems (Applied Biosystems). Primers and probes were purchased from Sigma (see Key Re-
sources Table). mRNA expression levels were analyzed over 18S RNA (RNA18S5) control. All reactions were run in triplicate from
samples derived from four biological replicates.

Isothermal titration calorimetry

Isothermal titration calorimetry was performed as described (Garnier et al., 2002). TIMP2 was pre- incubated with HSP90 overnight at
4°C prior to ATP injection. Binding of ATP to HSP90x-Hiseg and TIMP2-Hisg: HSP90a -Hisg was carried out following overnight dialysis
in 1 L reaction buffer (20mM Tris 7.4, 100mM NaCl, 5mM MgCl,) using a membrane with a cut off of 12-14 kDa at 4°C to remove any
residual ADP or ATP bound to HSP90. Reactions were carried out using Affinity ITC Auto system, TA instruments. Dissociation con-
stant Kp was calculated following 30x1ul microinjections of 4mM ATP into a calorimetric cell containing a 10 uM solution of HSP90-
Hisg or TIMP2-Hisg:HSP90-Hisg from a 200ul syringe at 25°C. The heat of dilution was obtained by injecting the same ATP solution
into a calorimetric cell containing either reaction buffer or TIMP2-Hisg alone. This resultant baseline was subtracted from titration
curves before they were fit using Nanoanalyze, TA Instruments using a single class of site.

ATPase Assay of human HSP90

The ATPase activity of Hsp90 in the presence of potential mediators was performed as described in (Dunn et al., 2015). ATPase ac-
tivity of human HSP90a with and without recombinant TIMP1 or TIMP2 was measured as described in the P,Per Phosphate Assay Kit
instructions for use (Life Technologies). In brief, HSP90a.-FLAG was isolated from cell extracts or conditioned media of HEK293 cells
transiently transfect with 3ug of HSP90a-FLAG plasmid. The purity of the isolated HSP90 proteins was examined by Coomassie
staining of SDS-PAGE gels using GelCode Blue Safe Protein Stain (Thermo Scientific). Triplicate samples of 1pg HSP90a and
10uM ganetespib (GB) or 1ng (0.4nM) or 10ng (4.4nM) TIMP2 or TIMP1 were pre-incubated on ice for 1 hour. Samples were loaded
into a 96-well plate and freshly prepared 2x PiPer reaction mixture containing 1mM ATP was added. 96-well plate was then wrapped
in foil and incubated at 37°C. Absorbance at 565nm was read on a Tecan infinite M200 Pro plate reader after 60 minutes. Standard
curve with linear fit line was created from 0 to 100uM final concentration reactions. ATP turnover was calculated as mmol P; per mol
HSP90«. per minute and relative ATPase activity was calculated from those values, with the value of HSP90« alone representing
100% activity.

Biotinylated-drug binding assay

Assay was performed as described in (Dunn et al., 2015). Recombinant HSP90« was incubated with and without recombinant TIMP2
for 1 hour at 4°C. Followed by a further 1 hour incubation with Bio-GB at varying concentrations, the complexes were incubated with
streptavidin agarose beads. TIMP2~/~ MEF cells were cultured and cell extracts and CM were collected. Extracts and CM were incu-
bated with 100nM Bio-GB for 1 hour at 4°C and further incubated with streptavidin agarose beads. The proteins were then pulldown
and immunoblotted.

In vivo TIMP2:eHSP90 ATP pulldown

Wild-type MEF and TIMP2~/~ MEF were serum starved and treated with varying concentrations of recombinant TIMP2 or TIMP2
before CM was collected. The CM was then incubated with ATP beads. The proteins were then pulldown and immunoblotted.
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In vitro interactions of HSP90, MMP2, TIMP2 and AHA1

100ng of HSP90x-Hisg was bound to Ni-NTA agarose, incubated for 1 hour at 4°C and washed 5 times with protein lysis buffer. To
form complexes, proMMP2, active MMP2, TIMP2, AHA1 and HSP90 inhibitor Ganetespib were individually added to the beads at
varying concentrations (indicated in figure legends). Each time a protein was added it was incubated for 1 hour at 4°C and washed
5 times with protein lysis buffer. The resultant complexes were mixed with protein loading buffer, boiled for 5mins and
immunoblotted.

In vivo interaction of MMP2, TIMP2, HSP90, and AHA1

MMP2~/~ MEFs and AHA1~~ MAFs were cultured to a confluency of ~80% in supplemented DMEM. They were subsequently
serum-starved in non-supplemented DMEM for 24 hours. Prior to collection, cells were treated with recombinant MMP2 and
AHA1 proteins (0-50ng/ml), respectively, for 2 hours. Conditioned media was collected, from cells (alongside cell extracts) and
concentrated to 10x. Samples were endogenously immunoprecipitated using anti-HSP90« antibody and resultantly immunoblotted
for TIMP2, MMP2, and AHA1 co-immunoprecipitation.

Fluorometric Enzyme Activity Assays
Samples of 62kDa MMP2 were diluted to 25ng/ml in TIMP2 reconstitution buffer (50mM Tris 7.4, 150mM NaCl, 5mM CaCl,, 0.05%
Brij-35), and added 1:1 with fluorescent substrate in fluorescent buffer (50mM Tris 7.4, 150mM NaCl, 2mM CaCl,, 5uM Zinc Sulfate),
to 96-well optical bottom plate. Fluorescent peptide (Dabcyl-GPLGMRGK(5FAM)-NH2) (in 50mM Tris 7.4, 150mM NaCl, 2mM CaCls,
5uM ZnS0O,4) was diluted in DMSO to a concentration of 10mM. Further dilutions were made to 10uM in fluorescent peptide buffer
(50mM Tris 7.4, 150mM NaCl, 2mM CaCl,, 5uM ZnSQ,). Unless otherwise stated, 0.28nM of HSP90 and 0.2nM of MMP2 were incu-
bated to form HSP90:MMP2 complexes. Prior to dilution, HSP90 or TIMP2 were added to MMP2 and rotated for up to an hour at 4°C.
Alternatively, HSP90-Hisg was bound to Ni-NTA beads as described in in-vitro pulldown assays. Following subsequent rotation
steps with TIMP2 and MMP2, AHA1 was added at varying concentrations. Following the final rotation, the samples are washed
with 0.1% NP40 extraction buffer and finally eluted in TIMP2 reconstitution buffer. 50ul of the slurry was loaded onto a 96-well optical
bottom plate. Samples of HSP90a:MMP2 that were incubated at 37°C prior to dilution to 25ng/ml were collected at varying time
points up to 1 hour. Fluorescent substrate was then added 1:1 as described above. The plate was loaded into a SpectraMax i3, plate
reader (Molecular Devices). Samples were analyzed at an excitation and emission wavelength - 485 and 530nm respectively, every
5 minutes for 30-60 min, at room temperature. Following linear regression, experiments were either modeled to the Michaelis-Menten
approach or changes seen in the percentage activity of a MMP2 bound complex in respect to a sole MMP2 control.

Antibody treatments of cells

MEF WT +/+ and HT1080 fibrosarcoma cells, were cultured to a confluency ~70%-80%. Cells were serum starved in media con-
taining either: no treatment (PBS), IgG (isotype control), or antibody against AHA1 (20 ng/ml) or TIMP2 (10 pg/ml). Conditioned media
was collected 24 hours later and concentrated to 10x followed by DQ gelatin degradation assay.

DQ gelatin degradation assay

A DQ-gelatin degradation assay was performed to measure net gelatinolytic activity of 10x cell conditioned media using the
EnzCheck® Gelatinase Assay kit according to manufacturer’s instructions (Molecular Probes). To measure the degradation in fluo-
rescence units, a standard curve was generated using different concentrations of active MMP2 (0-250ng/ml) added at 100ul in a
black 96-well plate. Serum starved, untreated and treated 10x CM were diluted 1:5 in fluorescent peptide buffer (50mM Tris 7.4,
150mM NaCl, 2mM CaCl,, 5uM ZnS0O,) and plated at 100ul onto a 96 well black bottom plate. DQ gelatin substrate was diluted
to a 1mg/ml stock in ddH,O followed by subsequent 1:5 dilution in fluorescent peptide buffer (50mM Tris 7.4, 150mM NaCl, 2mM
CaCl,, 5uM ZnS0O,). Wells were volume up to 200ul with DQ gelatin, 100pug/ml on plate concentration. Plates were covered and incu-
bated for 18 hours at 37°C before analysis at excitation and emission wavelengths of: 486nM and 532nM respectively. End point
measures are described in the resultant figures. Graphs and calculations were obtained with Prism 7 (GraphPad Software, Inc.).

Gelatin Zymography

Gelatinase activity of recombinant active MMP2 following stability experiments was determined by gelatin zymography as previously
described (Kleiner and Stetler-Stevenson, 1994; Sanchez-Pozo et al., 2018). Following incubation at 37°C, 2ng of active MMP2 alone
or in complex with HSP90a, were prepared with 5x Laemmli protein loading buffer in non-denaturing non-reducing conditions. Sam-
ples were subjected to electrophoresis using 8% acrylamide gels containing 0.1% gelatin. The gels were incubated for 30 min at
room temperature in zymogram renaturing buffer (Novex, Invitrogen), 30 min at room temperature in zymogram developing buffer
(Novex, Invitrogen), and then transferred to fresh zymogram developing buffer for overnight incubation at 37°C. Gels were then
stained with Coomassie Brilliant Blue R-250 (Bio-Rad) and briefly destained in 10% acetic acid, 40% methanol and distilled water.
They were imaged using an Epson Perfection V700 scanner. Gelatinase activity was detected as transparent bands on a dark back-
ground. Recombinant human proMMP2 was run alongside as a control to confirm the identity of MMP2 in the samples.
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Gelatinase activity in CM of TIMP2~/~ MEF, MMP2~'~ MEF or AHA1~/~ MAF following exogenous addition of recombinant TIMP2,
MMP2 or AHA1 proteins was determined in 10x CM. Equal amounts of media were analyzed and compared to WT MEF and known
amount of recombinant proMMP2 as control.

Reverse Zymography

Reverse gelatin zymography was performed to test TIMP2 inhibitory function toward MMP2 in CM (Sanchez-Pozo et al., 2018). CM
were collected from cells, spun down to remove cell pellets and concentrated 10x using Amicon Ultra 3K centrifugal filters (Millipore)
according to the manufacturer’s protocol. Equal amounts of CM were run in 15% acrylamide gels containing 0.225% gelatin (Sigma)
and 50 ng/ml recombinant proMMP2. The gels were incubated for 2 hours at room temperature in zymogram renaturing buffer,
30 min at room temperature in zymogram developing buffer, and then transferred to fresh zymogram developing buffer for overnight
incubation at 37°C. Gels were stained and imaged as described in gelatin zymography. TIMP2 inhibitory activity was detected as dark
positive staining bands over a clear background. Recombinant human TIMP2 (Abcam) was run alongside purified TIMP2-Hisg mu-
tants as a positive control.

Bioinformatics

ChIP-seq and PRO-seq data (GEO accession number GSE71708) were downloaded from GEO database. Reads from ChIP-seq
experiment were mapped to the mouse genome mm10 using Bowtie 2 with default parameters. Aligned reads were converted to
bedgraphs using Samtools (sort command) and Bedtools (genomecov command) with default parameters. ChlP-seq peaks were
visualized by uploading bedgraphs to Integrative Genomics Viewer (IGV), http://software.broadinstitute.org/software/igv/. PRO-
seq data were visualized by uploading existing bigwig files from GEO database to IGV.

LDH Cytotoxicity Assay

Cell cytotoxicity assays were performed using the Pierce LDH Cytotoxicity Assay Kit (ThermoScientific) as described by the manu-
facturers protocols. To calculate an optimum number of cells to utilize in the assay, varying amounts of cells, 0-10,000 for both
HEK293 and HT1080 fibrosarcoma cells in a 96 well plate. Measurements of absorbance were taken at 490nm and 680nm.

We subsequently plated 8,000 cells of both HT1080 and HEK293 cells, in a 96 well plate and followed manufacturers protocol
for the chemical-compound mediated cytotoxicity. Cells were cultured for 24hours and subsequently serum starved. Ganetespib
1nM-10 pM or DMSO control were added at different concentrations. Values represent the percentage of 100% maximum LDH
release, lysis control.

Native-PAGE Electrophoresis

HEK293 cells were transiently transfected with HSP90a.-Hisg prior to serum starvation. Following 24 hours culture in unsupplemented
DMEM, cell conditioned media was collected. 100X concentrated CM and recombinant human HSP90a«. expressed in E.coli were
separated on Native-PAGE gel. The gel was subsequently transferred to nitrocellulose membrane and Ponceau Stained or immuno-
blotted as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed using GraphPad Prism version 7.00 for Windows, GraphPad Software, La Jolla California USA, https://
www.graphpad.com. Statistical significance was ascertained using a simple Student’s t test, multiple comparisons were ascertained
using Holm-Sidak correction. Significance was denoted as asterisks in each figure: *, p < 0.05; **, p < 0.01; **, p < 0.001; ****,
p < 0.0001. Error bars indicate the standard error of the mean (SEM). All band quantification was performed using ImageJ-2, as
described (Rueden et al., 2017). Replicates were independent (n = 3) unless otherwise stated in the figure legend.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets nor unique computer codes.
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