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Translational Relevance

Benzodiazepines (BZDs) are palliative care drugs commonly prescribed to cancer patients to treat
anxiety, insomnia, and chemotherapy-induced nausea. Due to the high prevalence of BZD usage, it
is important to determine how these drugs impact cancer patient survival. We are the first group to
evaluate the association between BZDs and survival outcomes in early and late stage disease across
multiple cancer types. We find that lorazepam (LOR), one of the most commonly prescribed BZDs, is
associated with worsened clinical outcomes in pancreatic cancer patients, as well as patients with
prostate cancer, ovarian cancer, invasive nevi/melanoma, head and neck cancer, uterine cancer,
colon cancer, and breast cancer. Furthermore, we provide experimental evidence that LOR modifies
the pancreatic ductal adenocarcinoma (PDAC) tumor microenvironment by promoting collagen
deposition, inflammatory signaling, and upregulation of IL-6 secretion by cancer-associated
fibroblasts (CAFs). Several BZDs, specifically those that are n-unsubstituted, including LOR, increase
IL-6 secretion by CAFs in a pH and GPR68-dependent manner. Conversely, n-substituted BZDs, such
as alprazolam (ALP), significantly decrease IL-6 secretion by CAFs in a pH and GPR68-independent
manner. Collectively, our data suggest that BZDs differentially regulate IL-6 secretion by CAFs,
impacting cancer patient survival. Ultimately, this research supports the need to perform prospective

clinical trials to determine how different BZDs impact survival across multiple cancer types.
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Abstract

Purpose: This research investigates the association between benzodiazepines (BZDs) and cancer
patient survival outcomes. Due to the high prevalence of BZD use in pancreatic cancer patients, we
evaluated the effect of commonly prescribed BZDs on the pancreatic cancer tumor microenvironment

and cancer-associated fibroblast (CAF) signaling.

Experimental Design: Multivariate Cox regression modeling was used to retrospectively measure
associations between Roswell Park cancer patient survival outcomes and BZD prescription records.
Immunohistochemistry, H&E, Masson’s trichrome, in situ hybridization, and RNA sequencing were
used to evaluate the impact of lorazepam (LOR) on the PDAC tumor microenvironment, using murine
pancreatic cancer models. ELISA and gPCR were used to determine the impact of BZDs on IL-6
expression/secretion by human immortalized pancreatic CAFs. PRESTO-Tango assays, reanalysis
of PDAC single cell sequencing/TCGA datasets, and GPR68 CRISPRi knockdown CAF cells were

used to mechanistically determine the impact of BZDs on CAF-specific GPR68 signaling.

Results: LOR is associated with worse progression-free survival (PFS) while alprazolam (ALP) is
associated with improved PFS, in pancreatic cancer patients receiving chemotherapy. LOR
promotes desmoplasia (fibrosis and extracellular matrix protein deposition), inflammatory signaling,
IL-6 expression/secretion in CAFs, and ischemic necrosis. LOR promotes inflammatory signaling and
IL-6 secretion by CAFs through activation of GPR68. GPR68 is preferentially expressed on human
PDAC CAFs, and n-unsubstituted BZDs significantly increase GPR68 activation under acidic
conditions. LOR increases IL-6 expression and secretion in CAFs in a pH and GPR68-dependent
manner. Conversely, ALP, and other GPR68 non-activator BZDs decrease IL-6 in human CAFs in a
pH and GPR68-independent manner. Across many cancer types, LOR is associated with worse

survival outcomes relative to ALP and patients not receiving BZDs.

Conclusion: We demonstrate that LOR stimulates fibrosis and inflammatory signaling, promotes

ischemic necrosis, and is associated with decreased pancreatic cancer patient survival.
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Introduction

Pancreatic cancer is a recalcitrant disease with the poorest five-year survival rate (12%) relative to all
cancers assessed by the American Cancer Society from 2012-2018 (1). In the United States,
pancreatic cancer is projected to be the second leading cause of cancer-related death by 2030,
despite accounting for only ~3% of all estimated new cancer cases (2). Over 90% of patients with
pancreatic cancer present with pancreatic adenocarcinoma (PDAC), which is associated with the
worst clinical outcomes (3). This disease is often lethal because patients present with non-specific
symptoms such as weight loss, abdominal pain, and fatigue, and are consequently diagnosed at late
stages. Complete surgical resection is the only curative therapy. However, at diagnosis only 20% of

patients are surgical candidates (4).

A unique feature further driving this deadly disease is the presence of a dense, desmoplastic (fibrotic)
stroma that impedes drug delivery. The PDAC tumor microenvironment (TME), which is composed of
cancer-associated fibroblasts (CAFs), immune cells, and extracellular matrix (ECM) proteins, can
comprise up to 90% of the tumor volume and plays important roles in PDAC development,
progression, and therapeutic resistance (5). CAFs are plastic, highly heterogeneous cells, with both
tumor-promoting and tumor-restraining roles (6). The two most well-characterized CAF subtypes are
myofibroblastic CAFs (myCAFs) and inflammatory CAFs (iCAFs) (7). myCAFs preferentially express
a-SMA and are thought to be tumor restraining. iCAFs secrete high levels of inflammatory cytokines,
most notably interleukin-6 (IL-6), and are thought to be pro-tumorigenic due to the fact IL-6 is
associated with worse survival outcomes (8). CAFs influence tumor cell growth, angiogenesis,
metastasis, ECM remodeling, and immune cell signaling and function by secreting ECM proteins,
growth factors, chemokines, and cytokines (6). Therefore, understanding how CAFs develop, undergo
subtype switching, and interact with tumor and immune cells, subsequently modulating therapy

response, is fundamental to improving PDAC patient survival.

The role of palliative care medicine in influencing the TME and cancer patient outcomes is also vitally

important. Cancer is a devastating diagnosis, associated with emotional distress, anxiety, and
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depression (9). Harsh surgical, radiological, and chemotherapeutic interventions can induce
numerous side-effects, including nausea, anxiety, fatigue, and insomnia (10). To combat these
cancer-associated effects, patients are frequently prescribed an array of palliative care drugs such as
aspirin, cannabinoids, antihistamines, selective serotonin reuptake inhibitors (SSRIs), opioids, and
benzodiazepines (BZDs). There is a growing appreciation that many commonly prescribed drugs can
either positively or negatively impact cancer risk, tumor progression, and chemotherapeutic efficacy
(11). Many of these interactions are being tested experimentally, providing insight into clinical
observations, and opening new avenues to improve patient outcomes. This is a highly significant
problem due to the vast majority of patients who are taking these medications, and our general lack

of knowledge regarding their impact on the cancer phenotype (11).

In this study, we report the novel discovery that lorazepam (LOR, Ativan®) and alprazolam (ALP,
Xanax®), BZDs frequently prescribed to cancer patients to treat anxiety, impact patient survival
outcomes across the cancer spectrum. We employ a combination of in vivo and in vitro models to
mechanistically determine the effects of LOR and ALP on the PDAC TME. Specifically, we find that
LOR promotes IL-6 secretion from CAFs, and drives ischemic necrosis and desmoplasia in mouse
models of PDAC. To our knowledge, this is the first study to demonstrate that the commonly
prescribed BZD lorazepam modifies the TME and has potential clinical implications when prescribing

BZDs to cancer patients.
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Results

Lorazepam is associated with poor survival outcomes in pancreatic cancer patients.

To determine how frequently benzodiazepines (BZDs) are prescribed to cancer patients, we broadly
examined BZD use in Roswell Park Comprehensive Cancer Center patients. We specifically
assessed patients with primary cancers of the prostate, pancreas, ovary, kidney, head and neck,
corpus uteri, colon, breast, brain, and those with invasive nevi/melanoma. Across all cancer types,
30.9% of patients had a record of BZD usage (Fig. 1A). Female patients had an equal or higher record
of BZD prescriptions relative to males (34.2% vs. 27.4%) across all cancer types (Supplemental Fig.
S1A). Pancreatic cancer patients had the highest record of BZD usage, with 40.6% of patients
prescribed at least one BZD (Fig. 1A). Due to the high frequency of BZD use, we assessed the impact
of BZDs on pancreatic cancer patient survival outcomes. We first evaluated how BZD prescription
records correlated with survival outcomes in Roswell Park pancreatic cancer patients treated with
chemotherapy from 2004-2020. Pancreatic cancer patients with a BZD prescription record had no
significant difference in progression-free survival (PFS) (Supplemental Fig. S1B) but were associated
with significantly improved disease-specific survival (DSS) relative to those without prescription
records of BZDs (Supplemental Fig. S1C). Improved DSS can be partially attributed to imbalances in
patient demographic and clinical characteristics; patients prescribed BZDs were significantly more
likely to be white, younger, and were less likely to receive radiation therapy or surgery compared to
non-BZD users (Table 1). Therefore, we performed covariate adjusted analyses to account for age,
sex, race, clinical stage, additional treatments, and progressive disease. With these factors
considered, DSS was significantly improved in patients prescribed BZDs ([HR: 0.70 (0.60, 0.82)])

(Supplemental Fig. S1D).

We then sought to investigate if any specific commonly prescribed BZDs were associated with

significant differences in survival. The most commonly prescribed BZD in pancreatic cancer, and all

other cancer types with the exception of brain cancer, was midazolam, a short-acting (half-life 2-5 hr)

agent often used as a sedative prior to surgery or medical procedures (Supplemental Fig. S1E) (12).

The intermediate-acting (half-life 6-24 hr) BZDs lorazepam (LOR) and alprazolam (ALP) were the
7
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second and third most commonly prescribed BZDs to pancreatic cancer patients, respectively (Fig.
1B). LOR and ALP are frequently prescribed to pancreatic cancer patients to treat anxiety and
anticipatory nausea prior to chemotherapy (10, 13). Due to the frequency of use and the longer-acting
effect of LOR and ALP relative to midazolam, we assessed the impact of LOR and ALP on pancreatic
cancer patient survival outcomes (Table 2-3). We performed covariate adjusted analyses to account
for age, sex, race, clinical stage, and additional treatments (Table 4). Strikingly, LOR was associated
with significantly worse PFS ([HR: 3.83 (1.53, 9.57)]) relative to patients not prescribed BZDs (Fig.
1C). In contrast, ALP was associated with significantly improved PFS ([HR: 0.38 (0.16, 0.92)]) relative
to patients not prescribed BZDs (Fig. 1C). Collectively, we find that BZDs are commonly prescribed
to pancreatic cancer patients. Importantly, specific BZD choice is associated with positive (ALP) or

negative (LOR) survival outcomes.

Lorazepam promotes ischemic necrosis and desmoplasia in murine PDAC tumors.

Due to the differential effect of LOR and ALP on pancreatic cancer patient survival, we sought to
characterize how these BZDs impact the growth and histology of murine pancreatic ductal
adenocarcinoma (PDAC), the most common and deadly form of pancreatic cancer. We
subcutaneously implanted LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre (KPC) tumor pieces into
strain-matched, immunocompetent C57BL/6 mice (Fig. 2A). Our model accurately recapitulated the
histology of the KPC spontaneous tumor as demonstrated by H&E staining (Fig 2B). The stromal
compartment was maintained as indicated by a-SMA and vimentin staining, and the epithelial
compartment was well-differentiated as evidenced by CK19 staining (Fig. 2B). To elucidate the effect
of LOR and ALP on tumor growth, we treated C57BL/6 mice bearing KPC subcutaneous syngeneic
allograft tumors with 0.5 mg/kg LOR or ALP daily until the tumors reached 2,000 mm?® or the mice
reached endpoint criteria (Supplemental Fig. S2A). All the mice used in this study were female to
match the sex of the syngeneic allograft tumor and there were no significant differences in the age,
weight, and enrollment tumor size of the mice (Supplementary Fig. S2B-D). We did not observe
significant differences in tumor growth or survival of the mice (Supplemental Fig. S2E-G). However,

upon histological examination, we observed the presence of ischemic necrosis in tumors from LOR-
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treated mice (Supplemental Figure S2H, I). Next, we examined collagen deposition and found a
significant increase upon BZD treatment, which was again most striking in the LOR-treated mice

(Supplementary Fig. S2J, K). This experiment suggested that LOR may remodel the PDAC TME.

To more definitively assess the impact of LOR on the TME, we performed a short-term treatment
study. When the syngeneic subcutaneous allograft tumors reached 100 mm?®, we treated the mice
daily for 1-week or 2-weeks with 0.5 mg/kg LOR or vehicle (Fig. 2C). As noted in the previous study,
all of the mice were female and there were no significant differences in murine age, weight, and
enrollment tumor size (Supplementary Fig. S2L-N). To ensure therapeutic relevance, our dosing
scheme was based on previous murine studies assessing the anxiolytic impact of LOR (14). We
performed pharmacokinetic studies on endpoint tumors and found LOR concentrations of 49.6-118
ng/g, 2 hrs post-dosing (Fig. 2D). These concentrations were comparable to those observed in the
brains of male CD-1 mice 1 hr post-intraperitoneal injection with 0.1-0.3 mg/kg LOR, supporting that
the drug deposited in the tumor tissue at therapeutically relevant quantities (15). We performed H&E
staining to identify histologic changes resulting from LOR treatment. Control tumors were
differentiated with a well-defined stromal compartment (Fig. 2E). In contrast, LOR-treated tumors were
more poorly differentiated, had increased stromal area, and had a significant increase in ischemic
necrosis in the center of the tumors (Fig. 2E, F). LOR treatment did not impact endpoint tumor weight
or tumor volume, supporting that increasing levels of necrosis was independent of tumor size
(Supplemental Fig. S20, P). Tumor size was likely maintained by the presence of rapidly proliferating
tumor cells on the leading edge of the LOR-treated tumors, as indicated by Ki67 staining
(Supplementary Fig. S2Q). Strikingly, we observed significant increases in collagen deposition at the
1 and 2-week timepoints (Fig. 2G, H), indicating that LOR-treatment increases desmoplasia. We did
not observe any significant changes in collagen fiber integrated density, length, width, or straightness
by second harmonic generation imaging (Supplemental Fig. S2R-U). Therefore, LOR promotes
collagen deposition but not collagen remodeling. Next, we sought to extend these findings to the
spontaneous KPC model. We treated KPC mice bearing 100 mm?® tumors daily with LOR (0.5 mg/kg)

or vehicle for two weeks. Consistent with the transplant model, LOR treatment resulted in ischemic

9
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necrosis in KPC mice (Fig. 2I). Aggregately, these results support that LOR promotes desmoplasia

within the PDAC tumor microenvironment.

Lorazepam promotes inflammatory response and extracellular matrix signature in PDAC
tumors.

To assess transcriptional changes associated with LOR treatment, we performed RNA sequencing
on the 2-week vehicle and LOR-treated subcutaneous syngeneic allograft tumors (Fig. 3A). There
were 370 significantly upregulated genes and 617 significantly downregulated genes associated with
LOR treatment. Consistent with increased stromal area and desmoplasia, we found a significant
upregulation of extracellular matrix (ECM)-related genes, including Serpinb2, 116, Fgf7, Lox, Col6a4,
Iga11, Pdpn, and Fap in the LOR-treated tumors (Fig. 3A, B). We also observed a significant
downregulation of the epithelial-related genes Mucbac and Gata3 (Fig. 3A, B). We performed pathway
analysis to assess the top signaling pathways enriched upon LOR treatment. Among the top ten
upregulated Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were Interferon Gamma
Response, Interferon Alpha Response, Epithelial Mesenchymal Transition, TNF-alpha Signaling via
NF-kB, Hypoxia, Complement, and IL-6/JAK/STAT3 Signaling (Fig. 3C-3F). These pathways, and IL-
6, are highly enriched in the pro-inflammatory iCAF subpopulation (7, 16). While IL-6 has been
reported to be associated with iCAFs, recent work has highlighted the extreme heterogeneity of CAF
subtypes in the PDAC TME, and IL-6 is broadly expressed across multiple CAF subpopulations in
murine PDAC models. Therefore, we determined if the LOR-induced IL-6 was produced in CAFs. To
determine if upregulated IL-6 mRNA expression was produced by CAFs, we used RNAscope to
perform RNA in situ hybridization (ISH) using an //6 probe, coupled with IHC for SMA. Intriguingly, we
found that LOR was associated with a significantly higher number of IL-6 positive CAFs in both the
KPC syngeneic and KPC spontaneous models (Fig. 3G, H; Supplemental Fig. S3A, B). These results
indicate that LOR increases inflammatory signaling by CAFs and ECM-related gene expression in

murine models of PDAC.

GPRG68 is preferentially expressed on human PDAC CAFs.
10
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We next sought to determine the molecular mechanism by which LOR regulates IL-6 production. First,
we assessed the expression of common BZD targets in PDAC tumors, including the pentameric
GABA-A receptors, the proton-sensing G-protein coupled receptor (GPCR) GPR68, and the
translocator protein (TSPO, also known as the peripheral benzodiazepine receptor). We queried
human PDAC single cell sequencing data from Peng et al. (17) and found that PDAC CAFs
preferentially express Gpr68 and the GABA-A receptor subunits Gabra1, Gabrb2, Gabrg2, and

Gabrr1 (Fig. 4A, Supplemental Fig. 4A).

We chose to focus on GPR68, an acid-sensing receptor, for two reasons. First, activation of GPR68
in pancreatic CAFs is known to upregulate IL-6 secretion under acidic conditions (18). Second, n-
unsubstituted BZDs (Supplemental Fig. S4B), such as LOR and clonazepam (CLZ), are strong
positive allosteric modulators of GPR68, meaning they potentiate GPR68 activation only under acidic
conditions. Conversely, n-substituted BZDs, including ALP, do not activate GPR68 (Supplemental
Fig. S4B) (19). Therefore, we hypothesized that LOR increases inflammatory signaling by promoting
GPRG68 activation in CAFs. To further support that GPR68 is preferentially expressed in CAFs, we
analyzed human PDAC single cell sequencing data from Steele et al. (20). As observed in the Peng
et al. (2019) dataset, GPR68 was most highly enriched in human PDAC CAFs (Fig. 4B). Furthermore,
there is a strong, significant positive correlation between GPR68 and CAF-related genes, such as
podoplanin (PDPN), and a strong, significant negative correlation between GPR68 and epithelial-
related genes, such as epithelial cellular adhesion molecule (EPCAM) in the human PDAC Pan-
Cancer Atlas TCGA dataset (Fig. 4C-4E). To ensure that murine PDAC CAFs also express Gpr68,
we reanalyzed single cell sequencing data from Kemp et al. (21). Similar to the human PDAC dataset,
Gpr68 was preferentially expressed on KPC tumor fibroblasts, T-cells, and endothelial cells
(Supplemental Fig. S4C). We confirmed that murine CAFs express Gpr68 by performing RNA ISH on
KPC tumors and our syngeneic allograft tumors (Supplemental Fig. S4D). In addition to being
expressed on CAFs, reanalysis of the CAF cluster in the human PDAC single cell sequencing by
Steele et al. (20) indicated that Gpr68 is not highly expressed on pericytes (RGS5 marker), supporting
that it is a fibroblast-specific marker (Supplemental Fig. S4E-S4G). To determine the relationship
11
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between GPR68 expression and PDAC progression, we reanalyzed GPR68 expression by disease
stage in the human PDAC single cell sequencing by Steele et al. (20). GPR68 was not expressed
strongly in the normal human pancreas but was expressed on PDAC primary tumors and PDAC

metastases, supporting its likely role in disease pathogenesis (Supplemental Fig. S4H-J).

N-unsubstituted benzodiazepines potentiate activation of GPR68.

To identify which commonly prescribed BZDs were the strongest GPR68 activators, we performed
PRESTO-Tango assays at pH 6.8, the optimal pH for GPR68 activation. This luciferase-based assay
measures GPCR activity in a G-protein-independent manner. We found that at pH 6.8, the n-
unsubstituted BZDs (LOR, CLZ, nordiazepam, and oxazepam) promoted GPR68 activation. In
contrast, the n-substituted BZDs (ALP, diazepam, and temazepam) did not promote GPR68 activation
(Fig. 4F). GPR68 activation by the n-unsubstituted BZDs LOR and CLZ was dose-dependent at pH
6.8, while the n-substituted BZD ALP did not activate GPR68 at any dose (Fig. 4G). When we re-
screened the BZDs at pH 7.4 (a pH where GPRG68 is not active), there was no significant increase in
GPR68 activation by any BZD, supporting that n-unsubstituted BZDs are positive allosteric

modulators of GPR68 (Fig. 4H).

Next, we sought to determine if murine PDAC tumors had a pH in the relevant range to support GPR68
activation. We assessed the pH of orthotopically implanted syngeneic KPC tumors (n=2), adjacent
normal pancreas from the orthotopic model (n=1), bilaterally implanted subcutaneous KPC tumors
(n=4), and the corresponding pancreata of the subcutaneously implanted tumors (n=2) using an H*
sensitive microelectrode. In the subcutaneous model, the normal pancreata had an average pH of
6.9568 +/- 0.1559. The tumors (weighing 0.985 g, 0.331 g, 0.214 g, and 0.078 g) were significantly
more acidic, with an average pH of 6.7270 +/- 0.2292 (Supplemental Fig. S4K-S4M). Additionally, the
subcutaneous tumors were well-differentiated with a clearly defined stromal compartment
(Supplemental Fig. S4N). For the orthotopic model, the adjacent normal pancreas had a pH of 6.8833
(Supplemental Fig. S40). Similar to the subcutaneous tumors, the orthotopic tumors (weighing 1.448
g and 1.713 g) were significantly more acidic than the normal pancreas with a pH of 6.6056 +/- 0.2313
12
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and were well-differentiated with a well-defined stromal compartment (Supplemental Fig. S4P-S4R).
Taken together, these results support that GPR68, a receptor preferentially expressed on PDAC

CAFs, is activated by n-unsubstituted BZDs under acidic conditions present in the PDAC TME.

Lorazepam promotes IL-6 secretion by human PDAC CAFs in a GPR68-dependent manner.

Insel et al. (22) previously established that GPR68 activation in human CAFs increases IL-6 secretion
in a cAMP-PKA-pCREB-dependent manner. We hypothesized that n-unsubstituted BZDs, including
LOR, would increase IL-6 expression in CAFs in a GPR68-dependent and pH-dependent manner.
First, we treated immortalized human CAFs with LOR for 3 hr at pH 6.8, and observed a significant
increase in phospho-CREB (p-CREB) protein levels by western blot (Fig. 5A). Next, we assessed the
role of LOR in regulating IL-6 expression. To determine if LOR modulated //6 mRNA expression, we
treated immortalized human CAFs with LOR at pH 6.8 and performed gPCR. LOR significantly
increased //6 expression at 24 hr (Fig. 5B). Similarly, //6 mRNA expression was significantly increased
upon LOR treatment in human primary pancreatic CAFs (Fig. 5C). //l6 mRNA expression was also
significantly upregulated in the LOR-treated KPC syngeneic allograft tumors at the 2-week timepoint
(Fig. 3B). Next, we performed an IL-6 ELISA which revealed that 24 hr LOR treatment significantly
increased IL-6 protein secretion in immortalized human CAFs at pH 6.8 (Fig. 5D). Then, we evaluated
whether GPR68 overexpression would promote even higher levels of IL-6 secretion. GPR68
overexpression in human immortalized CAFs significantly increased IL-6 secretion by LOR (Fig. 5E).
In fact, 24 hr LOR treatment of human immortalized CAFs with GPR68 overexpression produced such
high levels of IL-6 that the readings were too high to register (data not shown). To determine if LOR-
mediated IL-6 secretion by CAFs was GPR68-dependent, we knocked down GPR68 in human
immortalized CAFs using CRISPRi (Supplemental Fig. S5A). As expected, GPR68 knockdown
potently decreased IL-6 levels (Supplemental Fig S5B). We then treated the control and GPR68
knockdown CAFs with LOR, CLZ, ALP, or DMSO at pH 6.8. GPR68 knockdown prevented LOR and
CLZ from increasing IL-6 secretion at pH 6.8 (Fig. 5F). To determine if all GPR68 activator BZDs
increase IL-6 secretion, we treated immortalized human CAFs with a panel of the most commonly

prescribed BZDs at pH 6.8 and pH 8.0 for 24 hrs, collected the conditioned media, and performed an
13
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IL-6 ELISA. At pH 6.8, n-unsubstituted BZDs (GPR68 activators) significantly increased IL-6 secretion
(Fig. 5G). Unexpectedly, n-substituted BZDs (non-activators) significantly decreased IL-6 secretion
(Fig. 5G). When we performed the ELISA at pH 8.0, there was no significant increase in IL-6 secretion
by the n-unsubstituted BZDs. This supports the contention that n-unsubstituted BZDs promote IL-6
secretion through GPR68 in CAFs (Fig. 5H). In contrast, at pH 8.0, n-substituted BZDs continued to
significantly decrease IL-6 secretion, suggesting that this is occurring in a GPR68-independent
manner (Fig. 5H). In fact, ALP still potently decreased IL-6 in the presence of GPR68 knockdown (Fig.
5F). We compared GPRG68 activation by PRESTO-Tango with the ability of each BZD to increase IL-
6 levels to further establish GPR68 dependence. We found that there was a direct correlation between
the degree of GPR68 activation and the increase in IL-6 secretion by n-unsubstituted BZDs (Fig. 5I).
There was no correlation between decreased IL-6 secretion and GPR68 activation by the n-
substituted BZDs (Fig. 5J). To determine the relationship between GPR68 and IL-6 in vivo, we
performed RNA ISH using //6 and Gpr68 probes, and SMA IHC. In KPC tumors, LOR treatment
significantly increased the number of triple positive (//6+/Gpr68+/SMA+) cells, supporting that GPR68
increases IL-6 secretion by CAFs in vivo (Fig. 5K, L). In summary, these results indicate that BZDs
differentially affect IL-6 secretion based on the structure of the BZD. N-unsubstituted BZDs promote
IL-6 secretion under acidic conditions in a GPR68-dependent manner while n-substituted BZDs

decrease IL-6 secretion in a pH and GPR68-independent manner.

Lorazepam is associated with worse patient survival across multiple cancer types.

Based on the differential effect of BZDs on IL-6 secretion by CAFs (Fig. 5), and the established role
of IL-6 in promoting worse clinical outcomes (23-25), we compared overall survival (OS) differences
in Roswell Park patients (2000-2022) prescribed LOR or ALP relative to patients with no record of
BZDs treated for primary cancers of the brain (Table 5), breast (Table 6), corpus uteri (Table 7), head
and neck (Table 8), skin (Table 9), kidney (Table 10), ovary (Table 11), colon (Table 12), and prostate
(Table 13). LOR and ALP are commonly prescribed to patients with these cancer types (Supplemental
Fig. S6A, S6B). We calculated hazard ratios accounting for sex (where applicable), clinical grade, and

clinical stage. LOR was associated with significantly worse OS and progression-free survival (PFS)
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in prostate cancer [HR OS: 2.160 (1.589, 2.936), HR PFS: 1.899 (1.433, 2.517)], ovarian cancer [HR
0S: 1.521 (1.212, 1.907), HR PFS: 1.464 (1.174, 1.826)], invasive nevi/melanoma [HR OS: 1.978
(1.519, 2.576), HR PFS: 2.195 (1.699, 2.835)], head and neck cancer [HR OS: 1.629 (1.304, 2.035),
HR PFS: 1.635 (1.313, 2.036)], colon cancer [HR OS: 1.620 (1.317, 1.993, HR PFS: 1.782 (1.457,
2.179)], and breast cancer [HR OS: 1.248 (1.050, 1.484), HR PFS: 1.345 (1.138, 1.591)] relative to
patients not prescribed BZDs (Fig. 6A, Supplemental Fig S6C). In contrast, ALP was infrequently
associated with significant differences in survival outcomes, with the exception of hormonal cancers
where there was significantly worse OS and PFS in breast cancer [HR OS: 1.867 (1.528, 2.281), HR
PFS: 1.850 (1.523, 2.248)], worse OS in prostate cancer [HR OS: 1.464 (1.038, 2.064)], and worse
PFS in uterine cancer patients [HR PFS: 1.668 (1.051, 2.646)] (Fig. 6B, Supplemental Fig. S6D).
Intriguingly, LOR was associated with significantly improved OS in patients with brain cancer (Fig.
6A). LOR and ALP did not correlate with altered survival outcomes in kidney cancer (Fig 6A, B, Table
10). The Kaplan-Meier curves for OS and PFS for melanoma (Fig. 6C, Supplemental Fig. S6E),
prostate cancer (Fig. 6D, Supplemental Fig. S6F), and ovarian cancer (Fig. 6E, Supplemental Fig.
S6G) clearly demonstrate that LOR correlates with worse survival outcomes relative to patients
prescribed ALP or those with no record of BZD use. Overall, we find that LOR is associated with poor

survival outcomes across multiple cancer types.

Discussion

We provide evidence that the commonly prescribed anti-anxiety drug LOR promotes desmoplasia in
the PDAC tumor microenvironment (Figs. 2, 3), IL-6 secretion from CAFs (Fig. 5), and is associated
with poor cancer patient survival outcomes (Figs. 1, 6). Retrospective epidemiological studies found
that LOR was associated with worse progression-free survival (PFS) while ALP was associated with
improved PFS in pancreatic cancer patients (Fig. 1). LOR promotes desmoplasia (Fig. 2),
inflammatory signaling (Fig. 3), IL-6 expression in CAFs (Fig. 3, 5) and ischemic necrosis in murine
PDAC models (Fig. 2). LOR is likely promoting inflammatory signaling and IL-6 secretion by CAFs
through activation of GPR68. GPR68 is preferentially expressed on human PDAC CAFs and n-
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unsubstituted BZDs significantly increase GPR68 activation under acidic conditions (Fig. 4). LOR
increases IL-6 expression and secretion in human immortalized CAFs in a pH and GPR68-dependent
manner (Fig. 5). Conversely, ALP, and other GPR68 non-activator BZDs decrease IL-6 in human
immortalized CAFs in a pH and GPR68-independent manner (Fig. 5). We propose that LOR
stimulates fibrosis and inflammatory signaling, promoting desmoplasia and ischemic necrosis,
decreasing pancreatic cancer patient survival. Across many cancer types, LOR is associated with

worse survival outcomes, supporting a pro-tumorigenic role (Fig. 6).

In the context of cancer, BZDs are commonly used in palliative care (26). Zabora et al. (27) assessed
psychological distress in patients with cancer and found that pancreatic cancer produced the highest
scores for anxiety and depression. Approximately 48% of pancreatic cancer patients had symptoms
of an anxiety-related disorder (28). A larger, more recent, cross-sectional study by Clark et al. (29)
found that approximately 30% of pancreatic cancer patients had distressing levels of anxiety. Wilson
et al. (30) compiled Canadian survey data and found that two-thirds of cancer patients with depression
or anxiety are prescribed BZDs. Our epidemiology studies further corroborated these findings,
indicating that across multiple cancer types, 30.9% of Roswell Park patients received at least one
BZD, with pancreatic cancer patients having the highest rate of BZD prescriptions relative to the
cancer types evaluated (40.6%). High usage of BZDs is concerning because many epidemiological
studies have found that BZDs increase the risk of cancer (31-36). However, few experimental studies
have been performed to mechanistically link BZDs to increased cancer risk. Studies in mice and rats
have shown that diazepam and oxazepam can spontaneously induce liver cancer and clobazam can
induce thyroid cancer (37-39). These studies support that BZD use may promote cancer development
but no study has definitively addressed the association between BZDs and human cancer

progression.

To our knowledge, our research is the first retrospective cohort study to assess the association
between BZDs and cancer patient survival, accounting for potential confounding variables, including

disease stage (Fig. 6). We are also the first to perform a comprehensive analysis regarding the
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association between BZDs and pancreatic cancer survival outcomes (Fig. 1). Previously, O’Donnell
et al. (40) performed a systematic review to determine the relationship between BZDs and cancer
patient survival. Their cohort was primarily late stage cancer patients receiving the short-acting

sedative BZD, midazolam. Unsurprisingly, they did not observe significant survival differences.

Experimentally, few studies have quantified the effect of commonly prescribed BZDs on cancer
progression and the TME. Oshima et al. studied the impact of the short-acting BZD midazolam on
LSL-Kras®'2P*; Trp53foxox: pdx-1°e* (KPPC) mice (41). They found that midazolam slowed tumor
growth/proliferation, decreased inflammatory cytokine production (including IL-6), and reduced the
number of a-SMA+ cells. The phenotype was reversed by PK11195, a TSPO antagonist, suggesting
that inhibition of inflammatory cytokine production is a TSPO-dependent process. Our studies are the
first to test physiologically relevant doses of LOR in immunocompetent cancer models with intact
stroma (Fig. 2). Fafalios et al. (42) found that LOR decreased prostate cancer cell growth in vivo.
Their study used very high LOR concentrations (40 mg/kg) and differences in tumor growth were only
observed at very large tumor volumes in immunocompromised mice. Additionally, they suggested that
LOR was exerting its biological effects via TSPO; however, a more recent study by Huang et al. (19)
assessed the off-target activities of LOR using radioligand binding assays and found that LOR did not
bind TSPO. Therefore, it is necessary to determine the off-target activities of a panel of BZDs to be
certain which ones bind TSPO and whether they function as agonists or antagonists in the context of
cancer. Previous studies in rats injected intravenously with W-256 carcinosarcoma cells indicate that
ALP inhibits lung metastases in a central BZD receptor-dependent manner (43). Additionally, ALP,
LOR, and CLZ enhance or suppress immune function in cancer and non-cancer settings (44-48). We
are the first to comprehensively assess the impact of commonly prescribed BZDs on interleukin-6 (IL-

6) signaling by CAFs (Fig. 5).

IL-6 plays important roles in pancreatic cancer development and progression (49). Inhibition of IL-6
improves the efficacy of PD-L1 immunotherapy in mouse models (50). Conversely, high IL-6 levels

are associated with lower survival and decreased gemcitabine efficacy in PDAC patients (8). We show
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that there is a strong association between BZDs and survival outcomes in PDAC patients receiving
chemotherapy. Additional epidemiology studies should be performed to determine if BZDs are

associated with altered survival outcome in cancer patients receiving immunotherapy drugs.

IL-6 is also associated with a specific subset of pancreatic CAFs, known as inflammatory CAFs or
iCAFs, characterized by high expression of inflammatory cytokines (51). Due to the pro-tumorigenic
nature of IL-6, this subtype is presumed to be associated with poor survival outcomes relative to
myofibroblastic CAFs (myCAFs), which are characterized by high levels of alpha-smooth muscle actin
(a-SMA) (7). Interestingly, pathway analysis of our LOR-treated tumors overlapped significantly with
iCAF-related signaling pathways (Figure 3C-3F), supporting that LOR may increase the level of iCAFs
(7, 16). It is well established that CAF subtypes are plastic (51). We identify a significant increase in
IL6+/SMA+ cell populations in murine PDAC tumors, suggesting that LOR may promote CAF subtype

plasticity (Figure 3G, 3H, Supplemental Fig. S3A, S3B).

Although BZDs have previously been shown to alter IL-6, we are the first to show that BZDs alter IL-
6 secretion in a pH and GPR68-dependent manner (Figure 5). BZDs produce therapeutic effects by
binding GABA-A receptors, particularly a782y2 GABA-A receptors, which were GABA subunits we
found to be preferentially expressed on human pancreatic CAFs (Supplemental Fig. S4A) (52). BZDs
prescribed for anxiety have similar affinities for the different GABA-A receptor subtypes but differ in
potency, half-life, and how the drugs are metabolized (13). As of 2016, there were 14 FDA-approved
BZDs (53). New BZDs are being synthesized every year, for both licit and illicit purposes (54),
highlighting the strong need to fully understand how these drugs impact human physiology and
disease pathology. GABA-A (muscimol) and GABA-B (baclofen) receptor agonism is known to
decrease stress-induced plasma IL-6 in murine models (55). In other contexts, BZDs have been
shown to differentially affect IL-6. For example, similar to findings by Oshima et al. (41), midazolam
decreased Il6 expression in peripheral blood mononuclear cells. However, in that study, TSPO
agonism and CLZ (which does not bind TSPO) did not downregulate //6 (56), suggesting that IL-6

modulation is through an alternative mechanism. Additional studies are required to determine the
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mechanism by which n-substituted BZDs, such as ALP, which do not activate GPR68, decrease IL-6

levels in PDAC CAFs.

An off-target effect of n-unsubstituted BZDs is positive allosteric modulation of GPR68 (Fig. 4). GPR68
activation is known to increase IL-6 and IL-8 in various cell types (57-60). GPR68 knockdown inhibits
IL-6 secretion by CAFs in a Gs-cAMP-PKA-CREB-dependent manner (18). Our studies are the first
to determine how BZDs influence GPRG68 signaling in pancreatic CAFs. To our knowledge, we are
also the first to determine the pH of subcutaneous and orthotopically implanted KPC tumors using a
microelectrode pH meter. High et al. (61) measured the pH of murine pancreatic tumors from
cerulean-treated K-ras"*-¢"?P"*; Pdx-1-Cre (KC) mice using acidoCEST magnetic resonance imaging
(MRI), a non-invasive method of measuring extracellular pH. Similar to our findings (Supplemental
Fig S4K-S4R), when pancreatitis was likely present, the pancreatic pH was 6.85-6.92, which is more
acidic than mice without cerulean treatment (pH 6.92-7.05). Tumor-bearing mice had the most acidic
pH of approximately 6.75-6.79 (5-8 weeks post-cerulean treatment). Acidic pH can alter the TME by
modulating enzymatic function, as well as by promoting epithelial to mesenchymal transition,
metastasis, and T cell anergy (62-65), common features of pancreatic cancer. To ensure that
pancreatic cancer research is physiologically relevant, it is vital that in vifro models accurately mimic

the acidic pH conditions observed in vivo.

In addition to impacting inflammation, GPR68 regulates fibrosis and mechanosensing, important
factors in promoting pancreatic cancer development and progression. GPR68 promotes fibrosis and
pro-fibrotic cytokine production in ileum grafts, airway smooth muscle cells, and human PDAC CAFs
(18, 66, 67). An unbiased screen revealed GPR68 as a fibroblast-specific drug target in colon cancer
(57). Knockdown of GPR68 in bone marrow-derived mesenchymal stem cells (BMSCs), which have
previously been shown to convert to CAFs, slowed tumor growth when subcutaneously co-injected
with tumor cells into nude mice, further supporting the CAF-specific importance of GPR68 in cancer
(68). Additionally, mechanosensing and acid-sensing are vital to fibrosis and cancer cell survival.

GPR68 senses and responds to membrane stretch and shear stress, regulating blood vessel
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dilation/remodeling (69-71). Wei et al. (71) proposed that GPR68 will likely be a potential drug target
for solid cancers and fibrotic diseases, thus the role of GPR68 in pancreatic cancer, which is very
fibrotic, is highly relevant. The role of GPR68 in sensing membrane stretch may even aid its roles in
metastasis and may dictate the morphological alterations in pancreatic stellate cell (PSC) activation
to CAFs. Future studies should be performed to assess the effect of BZDs on the tumor vasculature,

PSC activation, and metastasis.

Future work should also assess the tumor intrinsic, GPR68-independent effect of BZDs. We found
that TSPO and the GABA-A receptor subunits GABRA2, GABRA3, GABRA4, and GABRQ are
preferentially expressed in tumor ductal cell type 2, the more aggressive subset of PDAC tumor cells,
as determined by human PDAC single cell sequencing data (17) (Fig. 4A, Supplemental Fig. S4A).
Our data strongly support that LOR is likely impacting ischemic necrosis and desmoplasia in a CAF-
dependent manner (Fig. 2). However, GPR68-independent mechanisms can influence the TME, as
evidenced by the presence of ischemic necrosis and increased collagen levels in ALP-treated mice
(Supplemental Fig. S2H-2K). Additionally, in our pan-cancer analysis not all cancer types are as
dependent on CAFs as PDAC, but dramatic differences in survival outcomes are still observed. By
comparing the cell and tissue-specific roles of GPR68, TSPO, and GABA-A receptors and determining
which receptor type is likely playing an important role in each cancer type we can begin to delineate

the exact mechanism by which BZDs are impacting patient survival across different cancer types.

In summary, we have interrogated the role of BZDs on the PDAC TME and patient survival. We made
the significant, novel discovery that certain types of BZDs may negatively impact cancer patient
survival, while others may be beneficial. Due to the frequency that BZDs are prescribed, this is an
issue that could impact a large percentage of cancer patients. Performing prospective clinical trials
and additional experimental studies to determine whether BZDs impact therapeutic efficacy, is vital.
Physicians could improve patient outcomes by optimizing BZD prescribing practice to maximize

cancer patient survival while providing necessary palliative care. Additionally, this research provides
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a platform to guide others interested in determining how commonly prescribed drugs influence the

tumor microenvironment via on-target or off-target mechanisms.

Methods

Benzodiazepine Prescription Frequency: We used Roswell Park Comprehensive Cancer Center’s
web-based tool, nSight™, which allows users to explore and analyze clinical data. We compared BZD
prescription records (alprazolam, lorazepam, chlordiazepoxide, clobazam, clonazepam, clorazepate,
diazepam, estazolam, flurazepam, midazolam, oxazepam, temazepam, and triazolam) in Roswell
Park patients with primary cancers of the prostate, pancreas, ovary, kidney, head and neck, corpus
uteri, colon, breast, brain, and those with invasive nevi/melanomas. Pan-cancer analysis assessed
all Roswell Park patients. Patients with multiple primary cancers were excluded. The data were

acquired on February 3, 2023.

Pancreatic Cancer Epidemiology Study: This study assesses the effect of BZD prescription on the
survival outcomes of Roswell Park pancreatic cancer patients treated with chemotherapy from 2004-
2020. Patients who did not receive chemotherapy (n=4) or had clinical stage 0 disease (n=2) were
removed. Patient characteristics were summarized by BZD use (overall and by type, Tables 1-3) using
the mean, median, and standard deviation for quantitative variables; and using frequencies and
relative frequencies for categorical variables. Comparisons were made using the Mann-Whitney U or
Kruskal-Wallis tests for quantitative variables, and Fisher's exact or Chi-square tests for categorical
variables. The time-to-event outcomes were summarized by group using standard Kaplan-Meier
methods, where the 1/3-year rates and medians were estimated with 95% confidence intervals.
Associations were evaluated using the log-rank test. Overall survival (OS) is defined as the time from
first chemotherapy until death due to any cause or last follow-up. Disease-specific survival is defined
as the time from chemotherapy until death due to cancer or last follow-up. Progression-free survival
(PFS) is only defined in those who were disease-free (i.e. non-persistent disease), and is the time
from chemotherapy until recurrence, death from disease, or last follow-up. Disease-free survival

(DFS) is defined as the time from chemotherapy until persistent disease, recurrence, death from
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disease, or last follow-up. To account for potential imbalances in patient demographic and clinical
characteristics, multivariable Cox regression models were used to evaluate the association between
group (i.e. BZD usage) and the survival outcomes while adjusting for: age, sex, race, clinical stage,
additional treatments, and progressive disease (for OS and DSS only). Hazard ratios for BZD, with
95% confidence intervals, were obtained from model estimates. All analyses were conducted in SAS

v9.4 (Cary, NC) at a significance level of 0.05.

LSL-Kras®'?P*; LSL-Trp53R"7?H"*; pdx-1-Cre (KPC) Subcutaneous Syngeneic Allograft Long-
Term Study: A subcutaneously passaged KPC002 allograft derived from a female KPC mouse was
stored in freezing media (50% RPMI, 40% FBS, 10% DMSO) in liquid nitrogen. The p3 allograft tissue
was passaged once in strain-matched C57BL/6 female mice by dipping the tumor tissue (2-3 mm in
size) in Corning Matrigel (Cat. #356231) and implanting the tissue bilaterally into the flank of each
mouse. The tumor tissue was harvested 2 weeks later. ~0.55 mm? tumor pieces were implanted into
the left flank of 24 C57BL/6 female mice. When the tumors reached 100-200 mm?® the mice were
enrolled into the study. Each mouse was treated with 0.5 mg/kg lorazepam or DMSO control (0.25%
DMSO in a sodium chloride solution (0.9%), Sigma Cat. #S8776) daily by intraperitoneal (IP) injection.
A 50 pg/mL lorazepam was prepared fresh by diluting a 20 mg/mL stock of lorazepam (Sigma-Aldrich,
Cat. #L1764) or alprazolam (Sigma-Aldrich, Cat. #A8800) dissolved in DMSO in a sodium chloride
solution (0.9%), Sigma Cat. #S8776) and each mouse received 0.01 mL/g. Mice were weighed daily,
and tumor growth was measured biweekly using Fisherbrand Traceable Digital Calipers (0-150 mm).
When the tumors measured 2,000 mm?® or other endpoint criteria were reached, the mice were

sacrificed two hrs after drug administration.

KPC Subcutaneous Syngeneic Allograft Short-Term Study: A subcutaneously passaged KPC002
allograft derived from a female KPC mouse was stored in freezing media (50% RPMI, 40% FBS, 10%
DMSO) in liquid nitrogen. The p2 allograft tissue was passaged once in strain-matched C57BL/6
female mice by dipping the tumor tissue (2-3 mm in size) in Corning Matrigel (Cat. #356231) and

implanting the tissue bilaterally into the flank of each mouse. The tumor tissue was harvested 2 weeks
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later. ~0.55 mm?® tumor pieces were implanted into the left flank of 20 C57BL/6 female mice. When
the tumors reached 100-200 mm?® the mice were enrolled into the study. Each mouse was treated
daily with 0.5 mg/kg lorazepam or DMSO control (0.2% DMSO in a sodium chloride solution (0.9%),
Sigma Cat. #S8776) by intraperitoneal (IP) injection. A 50 ug/mL lorazepam was prepared fresh by
diluting a 25 mg/mL stock of lorazepam (Sigma-Aldrich, L1764, LOT#035F0115) dissolved in DMSO
in a sodium chloride solution (0.9%, Sigma Cat. #58776) and each mouse received 0.01 mL/g. Mice
were weighed daily, and tumor growth was measured daily using Fisherbrand Traceable Digital

Calipers (0-150 mm). After 1 or 2 weeks the mice were sacrificed two hrs after drug administration.

LC-MS Analysis of Subcutaneous Syngeneic KPC Allograft Tumors: 141.9-255.6 mg mouse
tumor pieces (2-week timepoint, 2 hours post-dosing) were snap frozen in homogenizing tubes and
stored at -80°C. Prior to analysis the tumors were homogenized in 25% methanol. Calibrators, quality
controls, plasma blanks, and study samples were thawed and vortexed for 5-10 seconds. To separate
1.5 mL microcentrifuge tubes, 50 pL of spiking solution was added to 50 pL of blank plasma for
calibrators A-l and quality controls. 50 yL of 50% methanol was added to 50 pL plasma blank with
internal standard, plasma blank, reagent blank (water), and study samples. 200 uL of WIS was added
to each sample (or 100% methanol to plasma blank and reagent blank) using a repeater pipet and
vortexed for ~10 seconds. Samples were allowed to digest for 10 min in the refrigerator or on wet ice.
Samples were vortexed for ~10 seconds and centrifuged at 13,500 rpm for 10 min at 4°C. 150 L of
each sample was transferred to the autosampler vial and 5.00 yL were injected into the LC-MS/MS

(Sciex 5500 QTrap) system.

H&E: Freshly isolated tumors were fixed in 10% neutral buffered formalin solution (Sigma-Aldrich,
Cat. # HT501128) for 24 hr prior to processing. Tumor processing was performed in the Experimental
Tumor Model (ETM) Shared Resource using a HistoCore Arcadia H (Leica) embedder and sliced in
5 um sections using a RM2235 (Leica) microtome. FFPE unstained slides were rehydrated as follows:
xylene: 5 min (repeat 3 times), 100% ethanol: 10 min, 95% ethanol: 10 min (repeat twice), 70%

ethanol: 10 min, distilled water 5 min. The slides were then placed in hematoxylin for 2 min, rinsed
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with cold running tap water for ~3min, dipped twice in 1% acid alcohol, rinsed with cold running tap
water until tissue turned blue color. Next, the slides were placed in 95% ethanol for three min, eosin
for 30 seconds, dipped in 95% ethanol 4-5 times, and dehydrated as follows: 95% ethanol: 3 min,
100% ethanol: 3 min, xylene: 3 min (repeat twice), xylene: 5 min. Slides were dried briefly and cover-

slipped using Poly-Mount.

Ischemic Necrosis Quantification: H&E slides were imaged using the ScanScope XT System and

necrotic area relative to total area was determined in a blinded manner by a PDAC pathologist.

Masson’s Trichrome: Freshly isolated tumors were fixed in 10% neutral buffered formalin solution
(Sigma-Aldrich, Cat. #HT501128) for 24 hr prior to processing. Tumor processing was performed in
the ETM Shared Resource using a HistoCore Arcadia H (Leica) embedder and sliced in 5 um sections
using a RM2235 (Leica) microtome. Tissue was rehydrated as follows, xylene: 3 min (repeat three
times), 100% ethanol: 3 min (repeat three times), 95% ethanol: 3 min, 70% ethanol: 3 min, deionized
water: 5 min. The Abcam trichrome stain kit (ab150686) was then used according to the
manufacturer’s instructions. For step 5.9 the slides were rinsed in distilled water for 2 min and in step
5.12 the slides were rinsed in distilled water for 30 seconds. The slides were dehydrated as follows,
95% ethanol: 3 min (repeat twice), 100% ethanol: 3 min (repeat twice), and xylene: 5 min (repeat

three times). The slides were dried briefly and cover-slipped using Poly-Mount.

Immunohistochemistry: Freshly isolated tumors were fixed in 10% neutral buffered formalin solution
(Sigma-Aldrich, Cat. #HT501128) for 24 hr prior to processing. All immunohistochemistry processing
and staining was performed in the ETM Shared Resource using an AutoStainer Plus (Dako) using the
antibodies alpha-smooth muscle actin (Sigma, Cat. #A5228), vimentin (Cell Signaling, Cat. #5741S),

cytokeratin-19 (Abcam, Cat. #ab15463), and Ki67 (Abcam, Cat. #ab15580).
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Second Harmonic Generation (SHG) of Polarized Light Detection and Analysis: As previously
reported (72), imaging of SHG signal from collagen bundles was performed with a Leica SP8 DIVE
confocal/multiphoton microscope system (Leica Microsystems, Inc., Mannheim, Germany), using a
25X HC FLUOTAR L 25x/0.95NA W VISIR water-immersion objective. H&E stained specimens were
excited at 850 nm employing an IR laser Chameleon Vision Il (Coherent Inc., Santa Clara, CA), and
blackguard SHG emitted signal was collected using a non-descanned detector configured to record
wavelengths between 410-440 nm. Under pathologist supervision, two different areas containing
tumor and stromal tissue were selected from three different animals of each cohort. Using the
automated Leica Application Suite X 3.5.5 software, 2-4 regions of interest (ROI) from each area,
were set up for SHG signal collection using identical settings and recorded as monochromatic, 16-bit
image stacks of 5 um depth (Z total distance). Image processing and digital analyses were conducted
via FIJI (Imaged 1.52p; https://fiji.sc/) software (73). Raw image stack files were tri-dimensionally
reconstituted as two-dimensional maximal projection 16-bit images. For all images, signal to noise
identical thresholds were set. Resultant SHG positive-signal pixels were used to calculate integrated
densities (e.g., SHG signal/SHG area). SHG integrated density data were standardized to the mean
value obtained from vehicle cohort. [FJ1] Results represent SHG arbitrary units compared to control
tissues. Additionally, CT-FIRE (V2.0 Beta; https://eliceirilab.org/software/ctfire/) software (74) was
used for individual collagen fiber (SHG-positive) architecture analyses. Following the pipeline
described by the authors in the provided manual document, SHG images were loaded in batches
organized by cohorts. Using similar settings for both groups, single collagen fibers were analyzed for
length, width, and straightness. A threshold for fibers with a minimum of 10 ym length was set to
reduce error from smaller objects detected. Readouts were plotted in graphs, expressed in micron

units for length, width parameters, and arbitrary units for fiber straightness.

KPC Short-Term Lorazepam Study: Male and female KPC mice (n= 2-3/arm) were enrolled when
their tumors reached 100-150 mm?®, as measured by MRI (Translational Imaging Shared Resource,
Roswell Park). All experimental MRI studies used a 4.7T MR scanner (Roswell Park) dedicated for

preclinical research. Baseline MRI scans were acquired prior to treatment. Each KPC mouse was
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treated daily with 0.5 mg/kg lorazepam or DMSO control (0.2% DMSO in a sodium chloride solution
(0.9%), Sigma Cat. #S8776) by intraperitoneal (IP) injection. A 50 yg/mL lorazepam was prepared
fresh by diluting a 25 mg/mL stock of lorazepam (Sigma-Aldrich, L1764) dissolved in DMSO in a
sodium chloride solution (0.9%), Sigma Cat. #S8776) and each mouse received 0.01 mL/g. Mice were
weighed daily and were monitored for hunching, anemia, labored breathing, and decreased activity.
Follow-up MR imaging were performed at 1 and 2 weeks to assess tumor growth. Multi-slice high-

resolution T2-weighted images were acquired for visualization of tumor extent in vivo.

RNA Sequencing of Subcutaneous Syngeneic KPC Allograft Tumors: Heat maps were
generated using a regularized-log transformation (DSEQ2-implement) from raw counts. Each
individual gene is row normalized to highlight and examine the differentially expressed genes.
Pheatmap package (v1.0.12) from R was used to produce all DE-related heatmaps. As previously
described in Venkat et al. (16) Gene Set Enrichment Analysis (GSEA) and Enrichr were used to
perform pathway analysis using the MSigDB hallmark, KEGG and Reactome Gene sets (75, 76)
(Edward, Subramanian). Enrichment of the input genes (LOR/VEH) in Enrichr was computed using
the Fisher’s exact test and p-values were adjusted using the Benjamini-Hochberg correction (FDR <

.01).

RNAscope Multiplex Fluorescent Detection with Immunofluorescence: Tumor processing was
performed in the Experimental Tumor Models (ETM) Shared Resource using a HistoCore Arcadia H
(Leica) embedder and sliced in 5 ym sections using a RM2235 (Leica) microtome. Chosen slides
were warmed at 65°C for 60 min, cooled 10 min, deparaffinized with xylene for 2 x 5 min, dehydrated
in 100% ethanol for 2 x 1 minute, and washed with 0.1% Tween-20 RNAse-free 1x phosphate-
buffered saline (PBST) three times. RNAscope Multiplex Fluorescent Detection was performed
according to modified instructions provided by the Pasca Di Magliano lab (77). Briefly, slides were
incubated with hydrogen peroxide (H>O2) for 10 min at room temperature followed by target retrieval
at 98°C for 15 min. Slides were then blocked with Co-Detection antibody diluent for 30 min and

incubated with Primary Antibody solutions overnight at 4°C.
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The following day, tissue sections were fixed with formalin, treated with Protease Plus Reagent for 11
min at 40°C, and washed with PBST three times. RNAscope probes (if any) were then added for a 2
hr incubation at 40°C. Following two washes with RNAscope wash buffer at each step, signal for each
of the probes was amplified with AMP 1, 2, and 3 reagents, horseradish peroxidase, and tyramide
signal amplification kit at 40°C. Slides were then stained with DAPI for 15 min at room temperature
and incubated with appropriate secondary antibody solution for 45 min at room temperature before

being mounted with ProLong Diamond Antifade.

Antibody/Probe Company Catalog # Dilution
aSMA Sigma A2547 1:400
Mm-Gpr68 ACD 319321 According to

Biosystems manufacturer
Mm-//6-C2 ACD 315891-C2 According to
Biosystems manufacturer

RNAscope Imaging Analysis: Images were obtained using confocal microscopy and exported as
multiple-image LIFs for analysis in HALO-v3.5 software (Indica Labs). For each slide, five
representative confocal microscopy images were obtained, totaling in 10 images. Images were
imported directly into the HALO software for analysis. Images were analyzed with HALO image
analysis software (Indica labs) using the Indica-Labs FISH-IF module. After cells were detected based
on nuclear recognition (DAPI stain), the fluorescence intensity of the cytoplasmic areas of each cell
was measured. A mean intensity threshold above background was used to determine positivity for
each fluorochrome within the cytoplasm, thereby defining cells as either positive or negative for each
marker. The positive cell data were then used to define colocalized populations. The percentage of
aSMA, /16, and/or Gpr68 positive cells were calculated by fluorescence positive cell counts, divided
by total DAPI positive nuclei. The number of cells was quantified by the HALO programming system
and recorded. Percent positive cell values were imported into Excel (Microsoft) for graphing and

statistical analysis. Statistics: two-tailed unpaired t test.
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Re-Analysis of Single Cell Sequencing Data: Peng et al. (17) dataset was processed and analysed
as described in Venkat et al. (16). In brief, single cell RNA-seq FASTQ files of human PDAC tumors
(n=24) and normal human pancreata (n= 11) were downloaded from the Genome Sequence Archive
(GSA) (Accession: CRA001160, Bioproject: PRJICA001063). Files were aligned to the hg19 genome
with Cell Ranger 3.1.0 using standard parameters (78). 21 of the human PDAC tumors and all 11
normal human pancreata has proper chemistry and alignment and were used for downstream
analyses. Annotated cells with 200-6,000 genes/cell (upper limit to exclude possible doublets) were
filtered to remove cells with > 10% mitochondrial counts and genes occurring in < 3 cells, yielding a
final count of 10,345 normal pancreas cells and 22,053 PDAC cells. Analyses were carried out in R
4.0.4. Differentially expressed genes between the subclusters were identified using the FindMarkers

function in Seurat4 (79).

Steele et al. (20) and Kemp et al.(21) datasets were processed as previously described. In brief, h5
files were imported into R, and processed with the Seurat package (79, 80). Data were normalized
and integrated for batch correction. PCA clustering and UMAP visualization was performed to
generate unbiased clusters. Populations were labeled based on established lineage markers (20, 21).

Feature plots or Dot plots were generated to visualize specific gene expression profiles.

GPR68 Correlation Analysis: cBioPortal was used to assess GPR68 correlation with CAF and
epithelial markers in the Pancreatic Adenocarcinoma (TCGA, Pan-Cancer Atlas) dataset (n=175

patients/samples).

Measuring pH of Murine Pancreas and Pancreatic Tumors: The fabrication of H+-sensitive
microelectrodes and their use for measuring pH was performed as described in detail by Lee et al.
(2013) (81). In brief, borosilicate glass (no. BF200-156-10, Sutter Instrument, Novato, CA) is pulled
to a fine tip (~1 megaohm resistance) using a model P-1000 micropipette puller (Sutter Instrument).

To create an electrode that monitors the H+-sensitive electrical potential, VH, the tip of one electrode
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is filled with H+-selective ionophore cocktail B (Sigma Aldrich) and backfilled with a solution: 40 mM
K2HPO4, 15 mM NaCl, pH 7.0. To monitor the reference electrical potential, Vref, a second
microelectrode is filled with 3 M KCI. The true H+-selective signal is the subtracted signal (VH-Vref),
acquired using an HiZ-223 dual channel electrometer (Warner Instruments) and digitized using a
Digidata 1550 unit. The signal is converted to pH by a three-point calibration at pH 6.0, pH 7.5 and
pH 8.0 using custom software (Courtesy of Dale Huffman and Walter Boron at Case Western Reserve
University). The electrical potential of the fluid in the measurement chamber (PBS pH 7.50) is
maintained at 0 mV using a bath clamp (no. 725I, Warner Instruments). Pancreatic tissue was
sectioned into a 5 mm thick slice to allow submersion in the bath and was impaled with the Vref and
VH electrodes. Vref did not deviate from 0 mV, demonstrating electrode placement in the extracellular

milieu, while the measured pH dropped rapidly to a new level that plateaued after 5 min.

Cell Culture: Human immortalized CAF (C7-TA-PSC) cells were a gift from Dr. Edna Cukierman (Fox
Chase Cancer Center). HTLA cells were a gift from Dr. Brian Roth (University of North Carolina). All
cell lines were routinely tested for mycoplasma using the Genome Modulation Services Shared

Resource.

Acidic Media Preparation: All acidic media preparation was based on a protocol by Dr. Tonio Pera

(Thomas Jefferson University).

HTLA Media: Followed the instructions for powdered DMEM (Sigma Aldrich, Cat. #£D5030), when the
media was fully dissolved 10% FBS, 12.5 mL 1 M HEPES, 2 ug/mL puromycin, 100 pg/mL hygromycin
B, 1 mM sodium pyruvate, and 1% P/S was added to the media. The media was aliquoted into
separate beakers and was adjusted to the appropriate pH using 10 N HCI/NaOH. pH was measured
with a VWR Traceable pH/ORP meter (10539-802). Media was sterile filtered with a 0.22 ym pore
size SteriCup (MilliporeSigma™ Stericup™ Quick Release-GV Vacuum Filtration System, 500 mL,

Fisher Scientific, Cat. #S2GVUO5RE).
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CAF Media: Followed the instructions for powdered DMEM (Sigma Aldrich D5030), when the media
was fully dissolved 10% FBS, 12.5 mL 1 M HEPES, 1mM sodium pyruvate, and 1% P/S was added
to the media. The media was aliquoted into separate beakers and was adjusted to the appropriate pH
using 10 N HCI/NaOH. pH was measured with a VWR Traceable pH/ORP meter (Cat. #10539-802).
Media was sterile filtered with a 0.22 uM pore size SteriCup (MilliporeSigma™ Stericup™ Quick

Release-GV Vacuum Filtration System, 500mL, Fisher Scientific, S2GVUO5RE).

PRESTO-Tango Protocol: HTLA cells were maintained in DMEM supplemented with 10% FBS, 2
pug/mL puromycin, 100 ug/mL hygromycin B, and 1% P/S at 37°C in a 5% CO; incubator. For acidic
pH studies 37°C, 0% CO2 incubator was used (see acidic media preparation). For transfection,
400,000 HTLA cells/well were plated in a 6-well dish. The next day, Lipofectamine 3000 (L3000008,
Thermo Scientific) was used according to the manufacturer’s instructions to transfect 500 ng GPR68-
Tango (Addgene, Cat. #66371) construct per well. The transfection reagent remained on the cells
overnight. Three wells were not transfected to serve as a negative control. On day 3, the cells were
re-plated in a white flat bottom polystyrene TC-treated Corning 384-well plate (8,000 cells/well). A
BioRad TC-20 automated cell counter was used to count the cells. On Day 4, the Tecan D300e digital
drug dispenser was used to plate the desired drug concentrations using 10mM drug stocks
resuspended in DMSO. DMSO concentration was normalized. On Day 5, the luminescence of each
well was measured using Promega Bright-Glo Luciferase Assay System (Cat. #E2610) according to

the manufacturer’s instructions.

Western Blot: Protein lysis was performed following the Silva et al (82) rapid extraction method for
mammalian cell culture. Proteins were transferred to nitrocellulose membranes (0.2 um, Bio-Rad, Cat.
#1620112) at a constant voltage of 100 V for 70 min at 4°C using Mini Trans-Blot® Cell (Bio-Rad).
Membranes were blocked in TBS-T (Tris-buffered saline (TBS) with 0.5% v/iv TWEEN-20, Sigma
Aldrich) and 5% w/v non-fat dry milk (Blotting-Grade Blocker, Bio-Rad, Cat. #1706404). Primary
antibodies were diluted in 5% milk in TBS-T and incubated overnight at 4°C phospho-CREB (Ser133)
(87G3) monoclonal anti-rabbit antibody (Cell Signaling Technology, Cat. #9198S, 1:1,000 dilution),
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GAPDH anti-mouse monoclonal antibody (Proteintech, Cat. #60004-1-lg, 1:20,000 dilution).
Membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:2,000
Donkey anti-rabbit; Fisher Scientific; Cat. #45-000-682, or 1:2,000 Goat anti-mouse Sigma Aldrich
Cat. #A4416) for 45-90 min at room temperature. Pierce ECL Western Blotting Substrate (Thermo
Scientific, Cat. #32106) was used for chemiluminescent detection. Signals were visualized and

imaged using the ChemiDoc XRS+ System and Image Lab Software (Bio-Rad).

gPCR: Cells were washed once with ice cold PBS then lysed and homogenized in TRIzol reagent
according to the manufacturer’s protocol. RNA was isolated and DNase | treated using a Direct-zol
RNA miniprep kit (Zymo research) according to the manufacturer’s protocol. RNA concentration and
purity were measured using a Thermo Scientific NanoDrop 8000 Spectrophotometer. Any RNA with
an A260/280 ratio below 1.9 or an A260/230 ratio below 1.9 were excluded from the analysis. RNA
was aliquoted and stored at -80°C. 300-900 ng RNA was converted to 20 uyL cDNA using the iScript
cDNA synthesis kit (BioRad) according to the manufacturer’s instructions. The cDNA was diluted with
nuclease-free water (~15 ng/pL) and the gqPCR was performed in 10 pL reactions using iTaq Universal
SYBR green Supermix according to the manufacturer’s instructions using 0.5 yL primer and 1 yL
cDNA per reaction. Thermal cycling was performed using a BioRad CFX Connect Realtime System.
All primers were BioRad PrimePCR SYBR Green Assay primers. Gene expression analysis was

performed using the AACt method.

CRISPRIi GPR68 knockdown cell generation: The knockdown cells were generated according to a
modified protocol from Francescone et al. 2021 (83). The following GPR68 CRISPRi gRNA
sequences were used (gRNA sequences were selected from the top guide RNA sequences for
GPR68 as determined by Horlbeck et al. 2016 (84)):

1.1 CACCGGGAGGGAGAGCTGGGATCG

1.2 AAACCGATCCCAGCTCTCCCTCCC

Generation of lentiviral vectors: Designed guide sequences (Integrated DNA Technologies) were

cloned into the lentiviral vector CRISPRi-Puro (gifted from the Cukierman Lab: modified from Addgene
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Plasmid #71236 to contain a “stuffer” to promote gRNA cloning efficiency). 8 uyg CRISPRi-Puro
plasmid was linearized and dephosphorylated with 2 yL BSMBI enzyme and 5 pL NE buffer 3.1 diluted
in distilled water for a final volume of 50 pyL. The mixture was placed into Eppendorf Thermomixer C
(55°C, 300 rpm, 3 hr) then 1 uL of CIP was added and incubated for 1 hr (55°C, 300rpm). After
linearization, the digested plasmid was loaded into an agarose gel (0.6%) and the higher molecular
weight band was gel purified using an Invitrogen PureLink Quick Gel Extraction Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The guide RNA oligos were phosphorylated
and annealed: 1 pyL Oligo 1 (100 uM), 1 uL Oligo 2 (100 uM), 1 yL 10x T4 ligation buffer (NEB), 6.5
uL ddH20, and 0.5 pL T4 PNK (10 uL total volume). The phosphorylation/annealing mixture was
placed into the BioRad T100 Thermocycler: 37°C (30 min), 95°C (5 min), then ramped down to 25°C
at 5°C/min, then diluted 1:200 with ddH20. The annealed and phosphorylated guide sequences were
ligated into the linearized and dephosphorylated CRISPRIi-Puro plasmid as follows: 25 ng linearized
CRISPRIi-Puro plasmid, 1 yL 1:200 annealed guides, 1 yL 10x T4 ligase buffer, and 1 yL T4 ligase
(10 pL total volume) was incubated at room temperature for 30 min. 3 pL of the ligation reaction was
transformed into 25 L of Stbl3 competent cells (NEB) by keeping the mixture on ice for 10 min, heat
shocking at 42°C for ~1 minute, placing on ice for 10 min, adding 100 uL sterile LB to each tube, and
incubating for 30 min in the Eppendorf Thermomixer C (37°C, 300 rpm). The entire mixture was plated
on LB-AMP plates (100 pg/mL Ampicillin), 2-3 colonies from each plate were miniprepped using the
Thermo Scientific GeneJet miniprep kit according to the manufacturer’s instructions. The plasmid
DNA  was sequenced by Eurofins Genomics using the hU6-F primer:
GAGGGCCTATTTCCCATGATT. Lentiviruses were produced as follows: Day 1 transfect 293T cells
(~75% confluent, 10 cm plate, 6 mL fresh complete media) with 2 ug of the CRISPRi-Puro plasmid
containing the appropriate guide (and CRISPRIi-Puro uncut as a control), 1.5 ug psPAX2, and 0.5 pg
pMD2.G using Lipofectamine 3000 according to the manufacturer’s instructions. Day 2 Gently add 4
mL fresh complete media to each plate and incubate for 24 hr. Day 3 Collect virus and replace with
10 mL fresh media, filter (0.45 pum), aliquot, and store in -80°C. Day 4 Collect virus, filter (0.45 pm),

aliquot, and store in -80°C.
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Lentiviral reverse transduction (based on Addgene protocol): 60,000 C7-TA-PSC cells per mL of
media containing 10 ug/mL polybrene were prepared. Lentiviral media was rapidly thawed, diluted,
and mixed with 60,000 cells in 1 mL of media, the virus was left on the cells for 48 hr and then replaced
with fresh complete media. A no virus control was made for selection purposes. 72 hr after the reverse

transduction puromycin selection was performed (2 pg/mL).

Human IL-6 ELISA: For the GPR68 overexpression ELISA Day 1: 1 mL of media containing 28,000
C7-TA-PSC immortalized human CAFs were plated into each well of a 12-well plate. Day 2: Wells
were transfected with 125 ng GPR68 cDNA or a no DNA control using Lipofectamine 3000 according
to the manufacturer’s instructions for a 12-well plate. Day 3: 20 uM benzodiazepine/DMSO control
were bulk prepared in pH 6.8 media and 1 mL per well was added (24 hr timepoint), 6 hr timepoint
wells received pH 6.8 media, the plate was kept in the 37°C, 0% CO2 incubator. Day 4: 20 uyM
benzodiazepine/DMSO control were bulk prepared in pH 6.8 media and 1 mL per well was added to
the 6 hr timepoint wells, the plate was kept in the 37°C, 0% CO2 incubator. The media was collected
from the wells, centrifuged at 1,000 rpm, 4°C, 3 min, and the supernatant was transferred to freshly
labelled tubes. 100 pL of each sample as well as 100 pL of each standard (0-1,000 pg/mL, prepared
according to the manufacturer’s instructions for cell culture supernatants) were plated into the wells
of the ELISA test strips and incubated overnight, 4°C, with gentle rocking (Sigma-Aldrich, RAB0306,
Human IL-6 ELISA Kit). Day 5: Finished ELISA according to the manufacturer’s instructions. For the
ELISAs without GPR68 expression 45,000-50,000 C7-TA-PSC immortalized human CAF cells per
well were plated in 12-well plates, 20 yM BZDs were added on Day 2, 24 hr later the conditioned
media was collected and centrifuged, as described above. Statistics: One or two-way ANOVA with

Bonferroni multiple comparisons or Holm-Sid&k's multiple comparisons test, respectively.

Pan-Cancer Epidemiology Study: All statistics were performed using SAS version 9.4 (SAS Institute
Inc., Cary, NC). All analyses were performed within disease site (brain, breast, corpus uteri, head and
neck, melanoma, kidney, ovary, pancreas, colon, and prostate). Only patients with a diagnostic date

starting at the year 2000 were used for this analysis. Within disease site, patient characteristics were
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summarized by cohort (LOR, ALP, No Benzo). Frequencies and relative frequencies were provided
for categorical variables and compared using chi-square test. P-values were provided. The overall
and progression-free survival summaries were summarized by cohort using standard Kaplan-Meier
methods. The median survival rate, Kaplan-Meier curves, and log-rank p-values were provided. Time
to progression was calculated from ‘recurrence days from Dx’ if recurrence occurred. Otherwise,
overall survival time was used. Multivariate Cox regression modelling was performed to measure
associations between survival outcomes and cohort. Models were adjusted for sex (where applicable),
clinical grade, and clinical stage. Hazard ratios and corresponding 95% confidence intervals were
provided for individual LOR and ALP groups, with ‘No Benzo’ as the referent group. Type 3 Test was

used and an overall p-value measuring the association between survival and cohort was provided.

Statistical Analysis: Statistics were performed in GraphPad Prism 9.3.1. Unless otherwise noted, p
< 0.05 was considered statistically significant. All statistical methods and p-values are described in
the figure legends. Asterisks on the graphs denote statistically significant differences: * represents p-
values < 0.05, ** represents p-values < 0.01, *** represents p-values < 0.001, **** represents p-values

< 0.0001.

Data Availability

All data and code will be available at https://github.com/feiginlab.
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Figure Legends

Figure 1. Lorazepam is associated with poor survival outcomes in pancreatic cancer patients.
(A) Percentage of Roswell Park patients with a prescription record of benzodiazepines (BZDs) by
cancer type. (B) Percentage of pancreatic cancer patients prescribed BZDs that are receiving the top
six most commonly prescribed BZDs. (C) Covariate adjusted analysis evaluating the impact of
lorazepam (n=40) or alprazolam (n=27) prescription records on pancreatic cancer patient
progression-free survival accounting for age, sex, race, clinical stage, additional treatments, and
progressive disease relative to no record of BZDs (n=69). Pan-cancer analyses refers to the combined
average of all cancer types in the nSight database. Statistics: To account for potential imbalances in
patient demographic and clinical characteristics, multivariable Cox regression models were used to
evaluate the association between group (i.e. BZD usage) and the survival outcomes while adjusting
for: age, sex, race, clinical stage, and additional treatments. Hazard ratios for BZD, with 95%
confidence intervals, were obtained from model estimates. All analyses were conducted in SAS v9.4

(Cary, NC) at a significance level of 0.05.

Figure 2. Lorazepam promotes ischemic necrosis and desmoplasia in murine PDAC tumors.
(A) Schematic of subcutaneous LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre (KPC) syngeneic
allograft model generation. (B) Comparison (top to bottom) of H&E, a-SMA IHC (20x), vimentin IHC
(20x), and CK19 IHC (20x) in the KPC spontaneous tumor (left) and the p3 KPC syngeneic allograft
derived from the KPC spontaneous tumor (right). (C) Experimental schematic of short-term LOR
(n=5/arm) or vehicle treatment (n=4-5/arm). (D) Scatter plot with bar (mean with SEM) of LOR
concentration per mouse quantified by liquid chromatography-mass spectroscopy (LC-MS) in the two-
week LOR (n=5) or vehicle (n=3) treated subcutaneous KPC syngeneic allograft tumors collected two
hr post-dosing. (E) Representative Aperio scanned H&E section of 1-week (top) and two-week
(bottom) vehicle (left) and LOR (right) treated mice, representative zoomed in 20x images (black and
white box) of 1-week (second row) and 2-week (third row) vehicle (left) and LOR (right) treated mice.
(F) Quantification of the percentage of necrotic area per slide. (G) Representative 20x Masson’s

trichrome images of 1-week (top) and 2-week (bottom) treated mice. (H) Quantification of the
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percentage of collagen per area. Image J color deconvolution plugin was used to quantify collagen
area/20x field of 5 randomly selected images per mouse in a blinded manner. (I) Representative 4x
(top) and 20x (bottom) H&E image of KPC spontaneous tumors treated with 0.5 mg/kg vehicle (left)
or LOR (right) for two weeks (n=2-3/arm). Statistics: Groups were compared by mixed effects analysis

with Bonferroni’s multiple comparison test, Black=Vehicle, Pink=0.5 mg/kg LOR.

Figure 3. Lorazepam promotes inflammatory response and extracellular matrix signature in
PDAC tumors. (A) Heat map of top 50 downregulated (left) and upregulated (right) genes in the 2-
week LOR-treated (orange bar) subcutaneously implanted KPC tumors relative to the vehicle-treated
(blue bar) tumors. (B) Differentially expressed extracellular matrix-related genes and epithelial genes
in the 2-week LOR treated mice relative to the vehicle-treated mice. Statistics: adjusted p-value of
log2 fold change of LOR/VEH. (C) Enrichr combined scores of the top 10 Enriched KEGG Terms in
the two-week LOR-treated tumors relative to vehicle. (D-F) Enrichment plots of (D)
Hallmark_Interferon_Gamma_Response (adjusted p-value 2.23E-36), (E) Hallmark_Inflammatory
Response (adjusted p-value 1.98E-16), and (F) Hallmark_TNFA_Signaling_via_NFKB (adjusted p-
value 5.57E-08). (G) Representative 40x RNAscope images of IL6+/SMA+ cells in the two-week
treated vehicle (left) and LOR-treated subcutaneously implanted KPC tumors (n=3/arm). (H)

Quantification of (G).

Figure 4. N-unsubstituted benzodiazepines potentiate activation of GPR68, a receptor
preferentially expressed on human PDAC CAFs. (A) Heat map of GPR68 and TSPO expression
by cell type from the Peng et al. (17) human pancreatic ductal adenocarcinoma tumor single cell
sequencing dataset. Yellow represents upregulated gene expression relative to other cell types within
a row. (B) Dot plot visualization of GPR68 gene expression level (color intensity) and frequency (size
of dot) in different cell populations of human PDAC samples from Steele et al. (20). (C,D) Correlation
plot of (C) GPR68 and PDPN, and (D) GPR68 and EPCAM in the human PDAC Pan-Cancer Atlas
(TCGA dataset). (E) Summary table of the Spearman correlation of CAF-related genes with GPR68
in the human PDAC Pan-Cancer Atlas (TCGA dataset). (F-H) PRESTO-Tango Assay for GPR68
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activation (F) pH 6.8 BZD screen, (G) pH 6.8 dose-response curve for LOR, CLZ, and ALP, and (H)
pH 7.4 BZD screen. Each plot represents the normalized average of 2-3 biological replicates.
Statistics: BZD screens were analyzed by ordinary one-way ANOVA with Dunnett’'s multiple
comparison test, dose response curves were analyzed by two-way ANOVA with Holm-Sidak's

multiple comparisons test.

Figure 5. Lorazepam increases IL-6 secretion by human PDAC CAFs in a GPR68-dependent
manner. (A) Western blot of immortalized human PDAC CAFs treated with LOR or forskolin (positive
control) at pH 6.8 for 3 hr. (B) //6 qPCR of immortalized human PDAC CAFs treated with 40 uM LOR
at pH 6.8 for 24 hr. (C) /16 qPCR of primary human PDAC CAFs treated with 20 uM LOR at pH 6.8
for 24 hr. (D) IL-6 ELISA of conditioned media from immortalized human PDAC CAFs treated with
BZDs (20 uM) or DMSO control for 24 hr at pH 6.8. (E) IL-6 ELISA of conditioned media from
immortalized human PDAC CAFs treated with 20 uM LOR or DMSO control for 6 hr in the presence
or absence of GPR68 overexpression. (F) IL-6 ELISA of GPR68 knockdown immortalized human
PDAC CAFs treated with LOR, CLZ, ALP, or DMSO control for 24 hr at pH 6.8. (G-H) IL-6 ELISA of
conditioned media from immortalized human PDAC CAFs treated with BZDs (20 uM) or DMSO control
for 24 hr at (G) pH 6.8 or (H) pH 8.0. Pink represents n-unsubstituted BZDs, teal represents n-
substituted BZDs. (1, J) Correlation plot of relative GPR68 activation of each BZD by PRESTO-Tango
relative to IL-6 secretion by IL-6 ELISA for (I) n-unsubstituted BZDs and (J) n-substituted BZDs at pH
6.8. (K) Representative 40x RNAscope images of IL6+/GPR68+/SMA+ cells in the two-week treated
vehicle (left) and LOR-treated KPC tumors. (L) Quantification of (K). All experiments are
representative of 2-4 biological replicates. Statistics: To analyze two groups, paired/unpaired one-
tailed t-tests were performed. For analysis of multiple groups, we performed ordinary one-way ANOVA
with Bonferroni’'s multiple comparison test. In the case of multiple groups with two independent
variables, groups were compared by two-way ANOVA with with Holm-Sidak's multiple comparisons

test.
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Figure 6. Lorazepam is associated with worse patient survival across multiple cancer types.
(A,B) Association between prescription or infusion records of (A) LOR or (B) ALP and OS by cancer
type in Roswell Park patients with a diagnostic date from 2000-2022, significant values are highlighted
in red. (C-E) Kaplan Meier curve comparing OS in Roswell Park patients with prescription or infusion
records of LOR or ALP, or those with no history of BZD use treated for primary (C) invasive nevi or
melanoma, (D) prostate cancer, or (E) ovarian cancer. Statistics: Multivariate Cox regression
modeling was performed to measure associations between survival outcomes and cohort. Models
were adjusted for sex (where applicable), clinical grade, and clinical stage. HR and corresponding
95% Cls were provided for individual LOR and ALP groups, with ‘No Benzo’ as the referent group.
Type 3 Test was used and an overall p-value measuring the association between survival and cohort

was provided. Cl: confidence interval, HR: Hazard ratio, OS: overall survival.

Supplemental Figure Legends

Supplemental Figure S1. (A) Number of patients by cancer type with a record of BZD prescriptions
by cancer type in males (black bar, top) and females (pink bar, bottom). (B) Kaplan Meier curve
comparing progression-free survival of pancreatic cancer patients at Roswell Park from 2004-2020
with a record of chemotherapy with (n=69) or without (n=219) a prescription record of BZDs (excluding
midazolam). (C) Kaplan Meier curve comparing disease-specific survival of pancreatic cancer patients
at Roswell Park from 2004-2020 with a record of chemotherapy with (n=357) or without (n=1093) a
prescription record of BZDs (excluding midazolam). (D) Covariate adjusted analysis evaluating the
impact of BZD prescription records on pancreatic cancer patient disease-specific survival accounting
for age, sex, race, clinical stage, additional treatments, and progressive disease. (E) Percentage of
invasive nevi/melanoma, brain, breast, colon, corpus uteri, head and neck, kidney, ovarian,
pancreatic, and prostate cancer patients prescribed BZDs that are receiving midazolam. Statistics:

See Figure 1.

Supplemental Figure S2. (A) Experimental schematic of long-term ALP (n=6), LOR (n=6), or vehicle-
treatment (n=6) in the subcutaneous KPC syngeneic allograft model. (B-D) Enroliment (B) age, (C)
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weight, and (D) tumor volume in the long-term ALP, LOR, or vehicle-treatment in the subcutaneous
KPC syngeneic allograft experiment. (E-K) (E) Tumor growth curves, (F) endpoint tumor weight, (G)
Kaplan Meier curves, (H) representative 20x H&E images, (l) quantification of the percentage of
necrotic area per slide in a blinded manner by a pathologist, (J) representative Masson’s trichrome
images, (K) quantification of the percentage of collagen per slide in a blinded manner by a pathologist
of the long-term LOR, ALP, or vehicle treatment study. (L-N) Enroliment (L) age, (M), weight, and (N)
tumor size at enroliment in the short-term LOR subcutaneous KPC syngeneic allograft experiment
(n=4-5/arm). (O,P) (O) Endpoint tumor weight and (P) tumor growth curves in the short-term LOR
study. (Q) Representative 20x Ki67 IHC images of the edge of 1-week (left) and 2-week (right) treated
LOR tumors. (R-U) Second harmonic generation (SHG) imaging of the two-week treated mice in the
short-term LOR study (n=3/arm): (R) Integrated density, (S) collagen fiber length, (T) collagen fiber
width, and (U) collagen fiber straightness. Statistics: For analysis of multiple groups, ordinary one-
way ANOVA with Tukey’s multiple comparison test. In the case multiple groups with two independent
variables, groups were compared by mixed effects analysis with Bonferroni’s multiple comparison

test.

Supplemental Figure S3. (A) Representative 40x RNAscope images of IL6+/SMA+ cells in the two-

week treated vehicle (left) and LOR-treated KPC tumors. (B) Quantification of (A).

Supplemental Figure S4. (A) Heat map of GABA receptor expression by cell type from the Peng et
al. (17) human pancreatic ductal adenocarcinoma tumor single cell sequencing dataset. (B) Structure
of lorazepam (left) and alprazolam (right), pink circle denotes the n-unsubstitution and the teal circle
denotes the n-substitution. (C) Dot plot visualization of Gpr68 gene expression level (color intensity)
and frequency (size of dot) in different cell populations of murine PDAC samples from Kemp et al.
(21). (D) Representative images of Gpr68 expression by RNAscope in the two-week vehicle (left)
treated subcutaneous KPC tumors and the KPC spontaneous tumor (right). (E-G) UMAP plots of (E)
GPR68, (F) RGS5 (pericyte marker), and (G) DCN (pan-CAF marker) in human PDAC CAF cluster
reprocessed from the Steele et al. (20) single cell sequencing dataset. (H-J) UMAP plots of (H) DCN,
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(I) RGS5, and (J) GPR68 expression in (left to right) normal human pancreas, PDAC metastasis, and
primary PDAC tumors from the Steele et al. (20) single cell sequencing dataset. (K,L) Representative
extracellular pH tracing of (K) Normal C57BL/6 murine pancreas and (L) Murine PDAC tumors isolated
from C57BL/6 mouse subcutaneously implanted bilaterally with KPC tumor chunks. (M) Scatterplot
with bar of the extracellular pH values from normal pancreas (n=2 biological replicates) and KPC
subcutaneous tumors (n=4 biological replicates), dots represent independent pH readings. (N)
Representative 10x H&E image of the subcutaneous KPC tumor from the pH experiment. (O,P)
Representative extracellular pH tracing of (O) adjacent normal pancreas from C57BL/6 mice with
orthotopically implanted KPC tumor pieces and (P) Murine PDAC tumors isolated from C57BL/6
mouse orthotopically implanted bilaterally with KPC tumor pieces. (Q) Scatterplot with bar of the
extracellular pH values from normal pancreas (n=2 biological replicates) and KPC orthotopic tumors
(n=2 biological replicates), dots represent independent pH readings. (R) Representative 10x H&E
image of the orthotopic KPC tumor from the pH experiment. Statistics: pH values were compared

using unpaired one-tailed t-tests.

Supplemental Figure S5. (A) GPR68 knockdown by CRISPRi in human immortalized CAFs. (B) IL6

MRNA expression in control and GPR68 knockdown CAFs by qPCR.

Supplemental Figure S6. (A,B) Percentage of invasive nevi/melanoma, brain, breast, colon, corpus
uteri, head and neck, kidney, ovarian, pancreatic, and prostate cancer patients prescribed or infused
BZDs that are receiving (A) LOR or (B) LOR. Pan-cancer analyses refers to the combined average of
cancer types in the nSight database. (C,D) Association between prescription records of (C) LOR or
(D) ALP and PFS by cancer type. (E-G) Kaplan Meier curve comparing PFS in Roswell Park patients
with prescription records of LOR or ALP, or those with no history of BZD use treated for primary (E)
invasive nevi or melanoma, (F) prostate cancer, or (G) ovarian cancer. Statistics: Multivariate Cox
regression modeling was performed to measure associations between survival outcomes and cohort.
Models were adjusted for sex (where applicable), clinical grade, and clinical stage. HRs and

corresponding 95% Cls were provided for individual LOR and ALP groups, with ‘No Benzo’ as the
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1359 referent group. Type 3 Test was used and an overall p-value measuring the association between
L1360 survival and cohort was provided. ClI: confidence interval, HR: Hazard ratio, PFS: progression-free

1361 survival.
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Figure 1. Lorazepam is associated with poor survival outcomes in pancreatic

cancer patients.
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Figure 2. Lorazepam promotes ischemic necrosis and desmoplasia in
murine PDAC tumors.
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Figure 3. Lorazepam promotes inflammatory response and extracellular matrix
signature in PDAC tumors.
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Figure 4. N-unsubstituted benzodiazepines potentiate activation of GPR68, a
receptor preferentially expressed on human PDAC CAFs.
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Figure 5. Lorazepam promotes IL-6 secretion by human PDAC CAFs in a
GPR68-dependent manner.

A.

Relative IL-6 Concentration

Relative IL-6 Concentration

B. S

c

° *

‘0

o

g 2- %

X

I.u *

©

=

2

g

K}

Q

14

0 1 1
‘{90 V°Q~
&
W®

& E. : F.

c
. | |
S N 5 87 " ns *%
C 34 b
o I
Q c 6
S|t P
- [=]
©2 3 S u
2 . ©
o o =
21 = g 2 |—I-‘
- Al
© ®
o T T x o T T T T
(o] o &L o &
& & o O o O
R S S
v Treatment (pH 6.8)
Treatment (24hr, pH 6.8) ® 6&hr
® 6hr + 125ng GPR68
I . N-unsubstituted BZDs
2.5+
*kkk 2.5
<
2
$ 207
]
»n 1.5
@
-
° 1.0
2
T 0.5
[7]
12
0.0

1 1 1 1
1.0 1.5 2.0 25 3.0
Relative GPR68 Activation

2.5- Treatment (24hr, pH 6.8)
20 K.
1.5
n.s n-s
1.0 ns x rxg KEE
0.5
Fkokk

0.0-

‘sbo Q'o& & Qé° & & & &

AR AR A AR R

A R S S A G
o & O IS

Treatment (24hr, pH 8.0)

Relative IL6 Expression

Treatment (24hr, pH 6.8)

%k %k % *k
| ns
c -
S 1.5 ns
E=]
B —
c * *
8 1.0 =4
c
o
o
Q
= 0.5-
[
= | % |
E=]
L
]
x 0.0 T T T T
%o ’b& & \’b&
o@ @Q Q 1’0
c‘& &

Treatment (24hr, pH 6.8)
* C7 CRISPRi GPR68-1

J a« N-substituted BZDs
2.5+

- - N
o o o
1 1 1

Relative IL-6 Secretion
o
o
1

AN

0.0—T—T— T
1.001.051.101.151.20

Relative GPR68 Activation

=

% 116" Gpré8* CAFs (aSMA™)

KPC Model
1004 Kok



https://doi.org/10.1101/2023.03.01.23286581
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 6. Lorazepam is associated with worse patient survival across
multiple cancer types.
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