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Simple Summary: The current study was a retrospective exploratory study evaluating whether circu-
lating levels of known targets of doxycycline were altered following administration of doxycycline to
bone metastatic breast cancer patients as an indicator of its expected on-target efficacy. Although we
saw predicted changes in these proteins, namely MMP2, MMP9 and TIMP2 pre- and post-doxycycline,
they were not prognostic for skeletal-related event-free or overall survival in this cohort. This is
likely due in part to confounding effects of doxycycline administration on other cell types in the
bone and effects of concurrent treatment regimens on these same target proteins. Although use
of doxycycline in cancer patients remains an attractive modality, our findings suggest that studies
assessing biomarkers of doxycycline efficacy should carefully consider putative confounding factors
and account for this prospectively in the study design.

Abstract: Doxycycline is often used as a promoter of inducible gene expression in preclinical models;
however, it can also have direct effects on tumor growth and survival. This is due in part to its
ability to inhibit cell invasion and regulate matrix metalloproteinase (MMP) expression. Given
that doxycycline is also osteotropic, a clinical study to assess its effects on modulation of tumor
progression or prevention of skeletal-related events (SRE) in patients with bone metastases from
breast cancer (the Achilles trial) was undertaken. Patients received 100 mg of oral doxycycline
twice daily for 12 weeks, with serum obtained at baseline and 4, 8 and 12 weeks post-initiation of
doxycycline treatment. Exploratory analysis of the effects of doxycycline on circulating levels of
MMP or tissue inhibitor of matrix metalloproteinase 2 (TIMP2) was performed in enrolled patients.
Statistically significant associations were observed between MMP2, MMP9 and TIMP2 at baseline
with significant associations maintained between absolute levels and changes in levels of MMP2
and TIMP2 at weeks 4–12 post initiation of doxycycline. Treatment with doxycycline generally
resulted in decreases in MMP2 and MMP9 levels with concurrent upregulation of TIMP2 at 12 weeks
post-initiation of doxycycline treatment. Despite this, we observed no association with the levels
of any of these factors with either SRE-free or overall survival in this patient cohort. In summary,
despite observing hypothesized effects of doxycycline administration on surrogate markers of its
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anti-tumor activity, measures of circulating levels of these biomarkers were not prognostic in this
patient population.

Keywords: doxycycline; breast cancer; bone metastasis; matrix metalloproteinase; MMP2; MMP9;
TIMP2; SRE

1. Introduction

Despite originally being developed as an antibiotic to inhibit bacterial growth by block-
ing protein translation dependent on 30S ribosomes [1,2], the tetracycline analogue doxycy-
cline also inhibits translation in mammalian cells through a similar process [3]. As such,
doxycycline has been reported to have anti-tumor effects in a number of preclinical model
systems [4–7] in part due to its ability to inhibit expression of known tumor-promoting
factors such as matrix metalloproteinases (MMP) [7–11], angiogenic factors [11,12], and
factors promoting cancer stem-like cell phenotypes [13–16]. This suggests that repurposing
of doxycycline for cancer treatment could be beneficial in controlling tumor growth and
progression.

Bone is the most common site of metastasis for estrogen receptor (ER)-positive breast
cancers [17], and once breast tumor cells have spread to the bone, they disturb the balance of
bone turnover to cause net bone loss through osteoclast-mediated bone degradation [18,19].
This bone loss can be associated with significant complications for patients, collectively
called skeletal-related events (SRE), which include: the need for radiotherapy or surgery
to alleviate skeletal complications, development of a pathological fracture, spinal cord
compression and hypercalcemia of malignancy [20]. A number of therapeutic strategies
designed to inhibit this net bone loss are currently used in the treatment of bone metastatic
breast cancer patients. These include calcium-binding agents with high affinity for the bone
such as the bisphosphonates (e.g., zoledronic acid) or agents that block the activity of one
of the driving factors regulating bone degradation by osteoclast activity (e.g., denosumab).
However, although these agents have been shown to benefit patients by preventing or
prolonging the time to first SRE, they have had no effect on improving overall survival in
patients [21–23]. Thus, more effective strategies to control bone metastatic tumor growth
and prolong overall survival are urgently needed.

Similar to bisphosphonates, doxycycline also has an affinity for binding calcium and
as a result accumulates in bony tissues [24]. Given its reported anti-tumor activities and
potential to accumulate in the bone, doxycycline could have significant anti-tumor activity
and control the growth of breast cancer bone metastases. Preclinical testing in breast
cancer bone metastases models supported this notion and showed that administration of
doxycycline in combination with the bisphosphonate zoledronic acid significantly inhibited
tumor burden in the bone compared to untreated mice, which was concomitant with
decreases in bone resorption and increases in bone formation [25]. Moreover, results from a
small Phase I study suggested that patients with newly diagnosed bone metastases could
benefit from administration of doxycycline as measured by decreased levels of circulating
markers of bone turnover [26]. Based on these promising preclinical and early clinical
findings, our team initiated a Phase II clinical study in bone metastatic breast cancer
patients testing the effects of twice-daily oral administration of doxycycline, with the
primary endpoint being assessment of palliative benefit of its inclusion to standard-of-care
bone metastatic breast cancer therapy (The Achilles Study; ClinicalTrials.gov Identifier:
NCT01847976). We hypothesized that given the role of doxycycline in modulating proteases
that could contribute to osteolysis, which in turn leads to risk of SREs, its use in combination
with bone-targeting agents (e.g., bisphosphonates or denosumab) could further inhibit
the osteolytic process, resulting in decreased frequency of SRE or increased time to first
SRE in treated patients. The primary results of this study have been previously reported
in detail; however, no significant benefit to patients was observed [27]. As it remained

ClinicalTrials.gov


Cancers 2023, 15, 571 3 of 13

possible that the doxycycline treatment failed to have relevant biological effects at the
dosing regimen given, we sought to determine whether its affects on known targets could
be confirmed in this patient cohort. We report herein on the effects of a 12-week cycle of
doxycycline administration on the circulating levels of the known targets MMP2, MMP9
and their inhibitor TIMP2 in breast cancer patients with bone metastases and their further
associations with relevant clinical outcomes.

2. Methods
2.1. Trial Design and Study Population

The Achilles study (ClinicalTrials.gov Identifier: NCT01847976) and its primary end-
point analysis are detailed elsewhere [27]. Briefly, Achilles enrolled 37 metastatic breast
cancer patients with radiologically or biopsy-confirmed bone metastases, established on
standard breast cancer therapies, who had previously received a minimum of 3 months of
bone-targeted agent therapy (e.g., bisphosphonates or denosumab) and who met additional
eligibility criteria in the trial protocol approved by the Ottawa Health Science Network Re-
search Ethics Board (approved protocol 20120543-01H). Enrolled patients received 100 mg
doxycycline orally twice daily for a period of 12 weeks, and self-reported drug compliance
and bone pain were collected using validated pain questionnaires (Brief Pain Inventory
(BPI) [28,29] and Functional Assessment of Cancer Therapy-Bone Pain (FACT-BP)) [30,31].
Patients were also assessed for frequency of skeletal-related events (SRE) prior to enrollment
and subsequent to study completion with SRE defined as the occurrence of radiotherapy
or surgery to the bone, pathological fractures, spinal cord compression, or hypercalcemia
of malignancy [20]. Breast cancer-specific overall survival (OS) was defined as time from
study completion until death due to breast cancer. While the original approved protocol
allowed for 2 years of follow up for patients, the approval was extended to 5 years of
patient follow up for the current study to capture survival and additional SRE data at 1, 2
and 5 years post-study entry.

2.2. Serum Sampling

Serum was collected early in the morning following an overnight fast at baseline study
entry and at 4, 8 and 12 weeks post-initiation of doxycycline treatment. Samples were
allowed to clot and were centrifuged at 4 ◦C for 10 min at 3400 RPM, with cleared serum
transferred to multiple cryovials and stored at −80 ◦C until subsequently analysis. For
analysis of circulating factors, frozen serum was thawed once and analyzed by ELISA
directly as described below.

2.3. ELISA Analysis

Human Quantikine 96-well plate-based ELISA kits for MMP2 (cat# MMP200), MMP9
(cat# DMP900), and TIMP2 (cat#DTM200) were purchased from R&D Systems (Minneapolis,
MN, USA). Serum samples were thawed on ice and measured in duplicate technical
replicates for each sample as described in the manufacturer’s protocol. Absorbance of each
well was measured at 450 nm in the Multiskan Ascent plate reader (Thermofisher, Ottawa,
ON, Canada). Sample concentration for each protein of interest was calculated following
interpolation of a four-parameter logistic curve generated by the Multiskan Ascent software
v1.3.2 using results obtained from increasing known concentrations of each protein. For the
purpose of statistical analysis, duplicate measures were included as independent measures.
Assay sensitivities were as follows: MMP2 ~ 0.1 ng/mL, MMP9 ~ 0.2 ng/mL, and TIMP2 ~
0.1 ng/mL.

2.4. Statistical Analyses

Descriptive statistics were used to summarize patient characteristics, biomarker targets
and clinical outcomes. Biomarker targets were summarized at each time point evaluated
(i.e., baseline and weeks 4, 8, 12). Percent change in biomarker levels was calculated as
(week X value—baseline value)/baseline value × 100%. Spearman correlation coefficient
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testing was used to determine the association between different biomarker values and
between the change in different biomarker values from baseline to weeks on study. Potential
prognostic ability of biomarker levels for SRE-free or overall survival, measured from the
day of first treatment to event or last date the patient was confirmed to be event-free,
was assessed using Cox proportional regression analyses. Multivariable models were
constructed adjusting for clinical variables found to be associated with outcome. All
statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC, USA),
with two-sided testing and a p value of 0.05 or less considered statistically significant.

3. Results
3.1. Patient Cohort in the Achilles Study

Between April 2013 and May 2015, patients consented and were enrolled in the Achilles
study. Detailed description of patient enrollment and patient baseline characteristics have
been previously reported [27]. Patient characteristics relevant to the current study are
presented in Table 1. At study enrollment, the median patient age was 59 (range 41–
88 years old), and patients generally had a good performance status with ~60% of patients
with an ECOG status of 1. The median duration of bone metastases was 13 months (range 4–
67 months), and the median duration of treatment for bone metastases prior to study entry
was 10 months (range 3–67 months). More than half the patients (54%) had experienced
SRE prior to study enrollment. All patients were on a bone-targeting agent at the time of
enrollment, including pamidronate (~42%), zoledronic acid (~53%) or denosumab (~6%).
All patients were also on concurrent systemic treatments, including chemotherapy (~42%),
chemotherapy plus trastuzumab (~6%) and endocrine therapy (~53%). Of the enrolled
patients, 28 (~76%) completed the 12-week doxycycline regimen with the remaining patients
coming off study due to disease progression (n = 3), adverse events (n = 5) or unknown
reasons (n = 1). Almost 90% of enrolled patients experienced at least one SRE (which in this
cohort were all due to need for radiotherapy or pathological bone fractures) over a 5-year
follow-up period after doxycycline treatment, and the 5-year overall survival rate was 27%
in this cohort.

Table 1. Characteristics and outcomes.

Characteristics or Outcome N All Patients

N 37

Demographics

Age 37
Median (IQR), Range 59 (54–65), 41–88

Mean (std dev) 60.1 (10.1)

ECOG Status at Baseline 37

N (%)

1 22 (59.5)
2 14 (37.8)
3 1 (2.7)

Duration of Bone Metastasis
(months) 35 Median (IQR), Range 13 (8–22), 4–67

Time from Primary to
Metastases (months) 37 Median (IQR), Range 3 (0–108), 0–312

Bone Therapy Duration
(months) 37 Median (IQR), Range 10 (7–20), 3–67

Vitamin D at baseline 37 Median (IQR), Range 91 (72–120), 48–185

PTH at baseline 37 Median (IQR), Range 5.0 (3.4–7.1), 1.7–18.3

Therapy Type 36

N (%)
Chemotherapy 15 (41.7)

Chemotherapy +
Trastuzumab 2 (5.6)

Endocrine Therapy 19 (52.8)
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Table 1. Cont.

Characteristics or Outcome N All Patients

Previous SRE Radiation for
Bone Pain

37

(number of occurrences) N (%)
0 18 (48.7)
1 15 (40.5)
2 1 (2.7)
3 2 (5.4)
4 0
5 1 (2.7)

Previous SRE Radiotherapy
Preventative 37 N (%) 15 (40.5)

Past SRE Bone Surgery 37 N (%) 6 (16.2)

Past SRE Hypercalcaemia 37 N (%) 3 (8.1)

Past SRE Spinal Cord
Compression 37 N (%) 6 (16.2)

Past SRE Path Fracture 37

(number of occurrences) N (%)
0 26 (70.3)
1 8 (21.6)
2 3 (8.1)

Previous SRE Total 37

(number of occurrences) N (%)
0 17 (46.0)
1 3 (8.1)
2 3 (8.1)
3 3 (8.1)
4 5 (13.5)
5 4 (10.8)
6 0
7 2 (5.4)

Outcomes

Study Completion Status 37

Completed Study 28 (75.7)
Withdrew due to PD 3 (8.1)
Withdrew due to AE 5 (13.5)

Unknown 1 (2.7)

SRE Type 19
Fracture 3

Radiation 16

Time to SRE or Death 37

N (%) Events 33 (89.2)
Median (95% CI) 16.8 (10.5, 27.2)

1-Year SRE-Free Rate (95% CI) 62.2 (44.6, 75.6)
2-Year SRE-Free Rate (95% CI) 43.2 (27.2, 58.3)
5-Year SRE-Free Rate (95% CI) 16.2 (6.6, 29.6)

Time to SRE or Death 37

N (%) Events 32 (86.5)
Median (95% CI) OS 33.8 (21.5, 43.9)
1-Year OS (95% CI) 81.1 (64.4, 90.5)
2-Year OS (95% CI) 59.5 (42.0, 73.2)
5-Year OS (95% CI) 27.0 (14.1, 41.8)

3.2. Levels of Circulating Putative Biomarkers over Time

Putative biomarker levels measured in serum are presented in Table 2. Median levels
of all markers appeared to be relatively stable across all weeks measured when assessed
in the entire cohort; however, the range for MMP9 levels tended to be larger compared to
MMP2 or TIMP2, and its range varied more substantially across time points. Similarly, the
range of changes in MMP9 was also larger compared to that observed for changes in MMP2
and TIMP2. Spearman correlation coefficients were used to assess relationships between
putative biomarkers and indicated strong positive associations (ρ > 0.60) between MMP2
and TIMP2 at all time points examined (Table 3). Although a strong negative association
(ρ = −0.60) was also observed between MMP9 and TIMP2 at baseline, this association was
not apparent at any of the assessed time points post-initiation of doxycycline (Table 3).
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Table 2. Circulating levels of putative biomarkers.

Absolute Circulating Levels

Biomarker N Timepoint Median ng/mL
(Range)

MMP2

34 Baseline 262 (125–401)
31 Week 4 256 (139–359)
29 Week 8 263 (128–477)
26 Week 12 274 (157–384)

MMP9

33 Baseline 237 (33–801)
30 Week 4 276 (39–931)
29 Week 8 261 (108–665)
25 Week 12 262 (72–593)

TIMP2

34 Baseline 120 (86–178)
31 Week 4 122 (85–165)
29 Week 8 117 (80–174)
26 Week 12 128 (87–226)

Change in Circulating Levels from Baseline

Biomarker N Baseline to Time
point

Percentage Change
(Range)

MMP2
31 Week 4 −3.8 (−38.7, 77.6)
29 Week 8 −3.5 (−29.4, 76.5)
26 Week 12 0.9 (−23.6, 90.9)

MMP9
29 Week 4 4.9 (−75.0, 851.1)
28 Week 8 −4.0 (−66.4, 682.0)
25 Week 12 −6.4 (−64.5, 950.4)

TIMP2
31 Week 4 −0.3 (−19.5, 32.1)
29 Week 8 −0.5 (−26.2, 24.8)
26 Week 12 4.1 (−32.4, 87.9)

Table 3. Spearman correlation coefficients between different markers.

Markers MMP9 TIMP2

Baseline

MMP2 −0.48 ** 0.77 **

MMP9 −0.60 **

Week 4

MMP2 −0.12 0.81 **

MMP9 −0.16

Week 8

MMP2 0.27 0.80 **

MMP9 0.32

Week 12

MMP2 0.38 0.61 **

MMP9 −0.18
** Statistically significant at the α = 0.01 level.

Percentage changes of putative biomarkers in individual patients from baseline to
each week on doxycycline trended for decreased MMP2 levels compared to baseline
in patients on doxycycline at weeks 4 and 8, and decreased MMP9 levels compared to
baseline were observed in patients on doxycycline at weeks 8 and 12 (Table 2). In contrast,
TIMP2 levels were found to be increased in patients on doxycycline at week 12. Spearman
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correlation coefficient analysis also suggested strong (for weeks 4 and 8) or moderate (week
12) associations with the percentage changes in MMP2 and TIMP2 biomarker levels from
baseline to on doxycycline (Table 4).

Table 4. Spearman correlation coefficients between % change in different markers.

Markers MMP9 NTx TIMP2 Week 4 Week 8 Week 12

At Week 4 Baseline with Later Values

MMP2 0.21 −0.07 0.46 ** 0.75 ** 0.73 ** 0.50 **

MMP9 −0.04 0.19 0.44 * 0.47 * 0.45 *

TIMP2 0.71 ** 0.74 ** 0.59 **

At Week 8

MMP2 0.39 * −0.16 0.67 **

MMP9 −0.35 0.42 *

At Week 12

MMP2 0.43 * 0.02 0.42 *

MMP9 −0.05 0.05
* Statistically significant at the α = 0.05 level. ** Statistically significant at the α = 0.01 level.

3.3. Association of Putative Biomarkers with SRE-Free or Overall Survival

Cox regression analysis was used to identify any potentially prognostic associa-
tions between clinical parameters or biomarker levels and SRE-free or overall survival in
doxycycline-treated patients. Only higher ECOG status at baseline (HR 2.52, 95% CI (1.23,
5.17), p = 0.012) and previous SRE prior to study enrollment (HR 2.21, 95% CI (1.1, 4.45),
p = 0.026) were found to significantly prognosticate SRE-free survival in univariate analysis.
Although trends for baseline MMP2 and TIMP2 levels and change in MMP2 levels from
baseline to week 8 with SRE-free survival were observed, these did not reach statistical
significance (Table 5). Of note, after adjusting for baseline ECOG status, no significant
associations with SRE-free survival were observed for any other variable.

Table 5. Cox regression for prognostic factors of SRE-free survival.

Factor N Comparator HR (95% CI) p-Value

Age 37 /year 1.01 (0.98, 1.05) 0.48

ECOG Status at Baseline 37 2/3 vs. 1 2.52 (1.23, 5.17) 0.012 *

Duration of Bone Mets 35 /month 1.00 (0.98, 1.02) 0.94

Time from Primary to
Metastases 37 /month 1.00 (1.00, 1.01) 0.70

Bone Therapy Duration
(months) 37 /month 1.00 (0.97, 1.02) 0.68

Vitamin D at baseline 37 /unit 0.99 (0.98, 1.00) 0.12

PTH at baseline 37 /unit 1.06 (0.95, 1.19) 0.28

Past SRE Total 37 ≥1 vs. 0 2.21 (1.10, 4.45) 0.026 *

Baseline MMP2 34 /100 unit 1.50 (0.86, 2.64) 0.16

Baseline MMP9 33 /100 unit 0.91 (0.73, 1.14) 0.42

Baseline TIMP2 34 /100 unit 4.48 (0.80, 25.25) 0.089
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Table 5. Cont.

Factor N Comparator HR (95% CI) p-Value

% Change in MMP2
31 To week 4 1.01 (0.99, 1.02) 0.33
29 To week 8 6.19 (0.74, 51.92) 0.093
26 To week 12 1.00 (0.99, 1.02) 0.74

% Change in MMP9
29 To week 4 1.00 (1.00, 1.00) 0.47
28 To week 8 1.00 (1.00, 1.00) 0.44
25 To week 12 1.00 (1.00, 1.00) 0.61

% Change in TIMP2
31 To week 4 0.99 (0.96, 1.03) 0.59
29 To week 8 1.01 (0.97, 1.05) 0.68
26 To week 12 0.98 (0.96, 1.01) 0.17

* Statistically significant at the α = 0.05 level in univariate analysis. After adjusting for ECOG status, no other
factor was statistically significant.

Only ECOG status was found to be significantly associated with overall survival
in this patient cohort (HR 2.91, 95% CI (1.34, 6.33), p = 0.007; Table 6). No other factor
was statistically prognostic for overall survival when ECOG status was adjusted for as a
confounding factor. There was a potential for a survivor bias when looking at the change
in biomarker values from baseline to weeks 4, 8 or 12. However, it was determined as
negligible given that only one patient had an event before the end of week 12; thus, the
change in biomarker value was considered as a ‘baseline’ measurement for the purposes of
this analysis.

Table 6. Cox regression for prognostic factors of overall survival.

Factor N Comparator HR (95% CI) p Value

Age 37 /year 1.01 (0.98, 1.05) 0.54

ECOG Status at Baseline 37 2/3 vs. 1 2.91 (1.34, 6.33) 0.007 **

Duration of Bone Mets 35 /month 1.00 (0.97, 1.02) 0.74

Time from Primary to
Metastases 37 /month 1.00 (1.00, 1.01) 0.76

Bone Therapy Duration
(months) 37 /month 0.99 (0.97, 1.02) 0.53

Vitamin D at baseline 37 /unit 0.99 (0.98, 1.00) 0.10

PTH at baseline 37 /unit 1.09 (0.96, 1.22) 0.17

Past SRE Total 37 ≥1 vs. 0 1.40 (0.69, 2.83) 0.35

Baseline MMP2 34 /100 unit 1.34 (0.74, 2.41) 0.33

Baseline MMP9 33 /100 unit 0.95 (0.75, 1.21) 0.67

Baseline TIMP2 34 /100 unit 2.95 (0.54, 16.12) 0.21

% Change in MMP2
31 To week 4 1.01 (0.99, 1.02) 0.39
29 To week 8 5.89 (0.55, 63.31) 0.14
26 To week 12 1.00 (0.98, 1.02) 0.85

% Change in MMP9
29 To week 4 1.00 (1.00, 1.00) 0.57
28 To week 8 1.00 (1.00, 1.00) 0.60
25 To week 12 1.00 (1.00, 1.00) 0.79

% Change in TIMP2
31 To week 4 0.98 (0.95, 1.02) 0.31
29 To week 8 1.01 (0.96, 1.06) 0.73
26 To week 12 0.98 (0.96, 1.01) 0.15

** Statistically significant at the α = 0.01 level in univariate analysis. After adjusting for ECOG status, no other
factor was statistically significant.
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4. Discussion

Doxycycline has been previously reported to have anti-tumor activity in multiple
tumor models [5,7,32] including breast cancer [4,6,8,25,33]. It has also been shown to
suppress expression of MMP2 and MMP9 [8,10,11,32], thus suggesting that measurement
of these two MMP proteins could be a biological readout of doxycycline activity. TIMP2
is a known inhibitor of MMP activity and tumor growth [34–38] that has been shown
to be reciprocally downregulated with MMP2 upregulation [39]. As such, we evaluated
circulating levels of MMP2, MMP9 and TIMP2 as indicators of doxycycline activity in
patients enrolled in the Achilles trial. As hypothesized, we generally observed decreases in
MMP2 and MMP9 levels and increases in TIMP2 levels in patients following doxycycline
administration, suggesting that the dosing regimen reached effective levels in patients.
We also observed a significant association between MMP2 and TIMP2 levels as would
be predicted based on previous literature suggesting their reciprocal co-regulation [39].
Despite this, we did not observe any significant relationship with the clinical parameters of
SRE-free or overall survival.

Previous preclinical work demonstrated that doxycycline was able to significantly
inhibit bone metastatic tumor burden in the MDA-MB-231 xenograft model in part due to
its osteotropism and ability to inhibit MMP secretion and activity [4]. It was also shown to
significantly inhibit bone metastases when used in combination with the bone targeting
agent zoledronic acid in xenograft models [25]. Thus, the Achilles study enrolled patients
with metastatic breast cancer with radiologically confirmed bone metastases who were
receiving anticancer treatment and who were on bone-targeted therapy (bisphosphonate
or denosumab) for at least 3 months prior to study enrollment. Enrolled patients received
100 mg doxycycline orally twice per day for 12 weeks, with the hypothesis that doxycycline
administration in combination with ongoing bone-targeted therapy could provide added
palliative benefit to patients via its ability to inhibit tumor progression and bone osteolysis.
The effects of doxycycline administration on pain outcomes and bone turnover markers
in the Achilles study have been previously reported [27]; however, no significant benefit
was observed with respect to these clinical outcomes. The Achilles study used a similar
doxycycline dosing regimen to that previously reported in a Phase I study in 17 patients
with newly diagnosed metastatic breast cancer to the bone, which observed trends for
decreased bone turnover as measured by the markers N-telopeptide and bone-specific
alkaline phosphatase (BSAP) following doxycycline administration [26]. Additional prog-
nostic markers or markers of doxycycline activity were not reported in this study [26].
Patients in this study were not receiving additional concurrent treatments at the time of
doxycycline administration [26]. Unlike this previous study, it is possible that benefits in
bone turnover indicators were not observed in the Achilles cohort due to differences in
enrollment eligibility, with metastatic patients enrolled in the Achilles study being more
advanced and already established and maintained on anticancer treatment as well as re-
ceiving bone-targeting agents for a minimum of 3 months prior to doxycycline treatment
(bone-targeting agent treatment duration ranged from 3 to 67 months prior to study entry;
Table 1). It is also possible that these more advanced heavily pretreated metastatic patients
may be less responsive to the beneficial effects of doxycycline. More recently, it has been
shown that pre-operative “window” administration of twice daily 100 mg doxycycline
for 14 days to newly diagnosed breast cancer patients was effective in reducing the breast
cancer stem cell population (measured by both CD44 and ALDH1) [40], suggesting it
may provide more clinical benefit in prevention of metastases as opposed to treatment of
metastases. This however cannot be confirmed, as the study was designed as a ‘window
of opportunity’ study to assess doxycycline effects on tumor cells, with patients receiving
curative therapy thereafter. Lastly, it is also possible that effects were not observed due to
the relatively small sample size of this study.

The Achilles study was designed as a single-arm study and was powered for the
primary objective of assessing pain control using validated pain questionnaires and tumor-
induced bone turnover using biomarkers such as C-telopeptide (CTx) and bone-secreted
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alkaline phosphatase (BSAP) [27]. As these were the primary objectives, enrolled patients
were allowed to remain on the current therapy being received at time of enrollment, as
it is established that markers of bone turnover can be affected by changes in systemic
therapy [41,42]. It thus remains possible that the circulating levels of the MMP and TIMP
biomarkers were affected by previous and concurrent systemic treatments and their effects
on either tumor or non-tumor tissues in the bone. All enrolled patients were on bone-
targeting agents at study entry, and it has been shown in vitro that bone-targeting agents
(including clodronate, pamidronate and zoledronic acid) can inhibit tumor cell expression
of MMP2 and MMP9 [43]. However, their effects on other tissue types can be variable. For
example, it has been previously shown that pamidronate can induce while clodronate can
inhibit MMP9 gene expression in treated human monocyte/macrophage cells in vitro [44].
Similarly, patients could also be taking anti-estrogens such as tamoxifen or fulvestrant,
both of which have been shown to increase MMP2 and MMP9 secretion from breast
tumor cells [45,46]. As patients were required to be on bone-targeting agents to be eligible
to enroll in the current study, and were allowed to remain on other systemic therapies
(which included chemotherapy or endocrine therapy regimens in this cohort) during
doxycycline administration, it is likely that despite observing the expected doxycycline-
induced changes in MMPs and TIMP2, their association with patient outcome measures
was likely confounded by alterations in their levels at baseline and throughout the study
due to these previous and concurrent treatment regimens. Assessment of circulating levels
of MMPs or TIMP2 in patients enrolled in Achilles was also exploratory in nature, and
thus it remains possible that this study is insufficiently powered to detect their prognostic
associations, which is a significant limitation of the current study. The single-arm design of
this study is also a limitation, as it would have been of interest to assess whether changes
in MMPs or TIMP2 in doxycycline treated patients was altered compared to those on
similar concurrent standard of care treatments alone. However, given that doxycycline
administration appeared to have no beneficial effect on bone metastasis progression in this
patient cohort as indicated by the bone-turnover marker measures such as CTx [27], it is
perhaps not surprising that we failed to demonstrate any prognostic associations with the
other circulating markers described here.

Although circulating levels of MMPs and TIMP2 suggested effective doxycycline
administration, it is possible that levels of these markers specifically in the bone microenvi-
ronment would be a more accurate measure of doxycycline activity and effects on bone
tumor growth given that a variety of different cell types throughout the body can also
produce and contribute to levels of these factors in circulation. Our original objective was
to also assess MMP and TIMP levels in tumor tissue obtained from the bone metastatic
microenvironment at baseline and at 12 weeks following doxycycline administration. While
iliac crest bone biopsies were obtained from 36 of the 37 patients enrolled in Achilles at
baseline, serial biopsy at week 12 was only obtained in 25 of 37 patients [27]. Unfortunately,
only 6 of the 36 baseline and only 3 of the 25 biopsies taken at week 12 were positive for
tumor cells. Only one of these patients had paired baseline and week-12 biopsies positive
for tumor cells, making any correlative assessment of pre and post-doxycycline target
measures in tissue samples impossible.

5. Conclusions

While use of doxycycline administration in this patient cohort was not beneficial, its
use clinically remains attractive due to its already established modes of action, toxicity
profile and government approvals for use in patients. Our study, however, suggests that in
order to accurately evaluate potential prognostic markers or markers of drug efficacy in
response to doxycycline administration, one must carefully design the study to consider
the effects of doxycycline on other cell types in the body in addition to the effects of other
therapeutic agents on the putative doxycycline biomarkers to avoid confounding results.
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25. Duivenvoorden, W.C.; Vukmirović-Popović, S.; Kalina, M.; Seidlitz, E.; Singh, G. Effect of zoledronic acid on the doxycycline-

induced decrease in tumour burden in a bone metastasis model of human breast cancer. Br. J. Cancer 2007, 96, 1526–1531.
[CrossRef]

26. Dhesy-Thind, S.K.; Julian, J.; Tozer, R.; Ellis, P.; Arnold, A.; Singh, G.; Levine, M. The effect of doxycycline on bone turnover and
tumor markers in breast cancer (BC) patients with skeletal metastases. J. Clin. Oncol. 2005, 23, 3198. [CrossRef]

27. Addison, C.L.; Simos, D.; Wang, Z.; Pond, G.; Smith, S.; Robertson, S.; Mazzarello, S.; Singh, G.; Vandermeer, L.; Fernandes, R.;
et al. A phase 2 trial exploring the clinical and correlative effects of combining doxycycline with bone-targeted therapy in patients
with metastatic breast cancer. J. Bone Oncol. 2016, 5, 173–179. [CrossRef]

28. Cleeland, C.S.; Ryan, K.M. Pain assessment: Global use of the Brief Pain Inventory. Ann. Acad. Med. Singap. 1994, 23, 129–138.
29. Kuchuk, I.; Beaumont, J.L.; Clemons, M.; Amir, E.; Addison, C.L.; Cella, D. Effects of de-escalated bisphosphonate therapy on the

Functional Assessment of Cancer Therapy-Bone Pain, Brief Pain Inventory and bone biomarkers. J. Bone Oncol. 2013, 2, 154–157.
[CrossRef]

30. Cella, D.F.; Tulsky, D.S.; Gray, G.; Sarafian, B.; Linn, E.; Bonomi, A.; Silberman, M.; Yellen, S.B.; Winicour, P.; Brannon, J.; et al. The
Functional Assessment of Cancer Therapy scale: Development and validation of the general measure. J. Clin. Oncol. 1993, 11,
570–579. [CrossRef] [PubMed]

31. Broom, R.; Du, H.; Clemons, M.; Eton, D.; Dranitsaris, G.; Simmons, C.; Ooi, W.; Cella, D. Switching Breast Cancer Patients with
Progressive Bone Metastases to Third-Generation Bisphosphonates: Measuring Impact Using the Functional Assessment of
Cancer Therapy-Bone Pain. J. Pain Symptom Manag. 2009, 38, 244–257. [CrossRef] [PubMed]

32. Wang, C.; Xiang, R.; Zhang, X.; Chen, Y. Doxycycline inhibits leukemic cell migration via inhibition of matrix metalloproteinases
and phosphorylation of focal adhesion kinase. Mol. Med. Rep. 2015, 12, 3374–3380. [CrossRef]

33. Chen, Y.-F.; Yang, Y.-N.; Chu, H.-R.; Huang, T.-Y.; Wang, S.-H.; Chen, H.-Y.; Li, Z.-L.; Yang, Y.-C.S.H.; Lin, H.-Y.; Hercbergs, A.;
et al. Role of Integrin alphavbeta3 in Doxycycline-Induced Anti-Proliferation in Breast Cancer Cells. Front. Cell Dev. Biol. 2022, 10,
829788. [CrossRef]

34. Lu, W.; Zhou, X.; Hong, B.; Liu, J.; Yue, Z. Suppression of invasion in human U87 glioma cells by adenovirus-mediated co-transfer
of TIMP-2 and PTEN gene. Cancer Lett. 2004, 214, 205–213. [CrossRef] [PubMed]

35. Pulukuri, S.M.; Patibandla, S.; Patel, J.; Estes, N.; Rao, J.S. Epigenetic inactivation of the tissue inhibitor of metalloproteinase-2
(TIMP-2) gene in human prostate tumors. Oncogene 2007, 26, 5229–5237. [CrossRef] [PubMed]

36. Lu, G.-J.; Dong, Y.-Q.; Zhang, Q.-M.; Di, W.-Y.; Jiao, L.-Y.; Gao, Q.-Z.; Zhang, C.-G. miRNA-221 promotes proliferation, migration
and invasion by targeting TIMP2 in renal cell carcinoma. Int. J. Clin. Exp. Pathol. 2015, 8, 5224–5229. [PubMed]

37. Liang, B.; Yin, J.-J.; Zhan, X.-R. MiR-301a promotes cell proliferation by directly targeting TIMP2 in multiple myeloma. Int. J. Clin.
Exp. Pathol. 2015, 8, 9168–9174.

http://doi.org/10.18632/oncotarget.2789
http://doi.org/10.3389/fonc.2020.619317
http://www.ncbi.nlm.nih.gov/pubmed/33643917
http://doi.org/10.18632/oncotarget.3174
http://www.ncbi.nlm.nih.gov/pubmed/25625193
http://doi.org/10.1200/JCO.2009.25.9820
http://doi.org/10.1016/j.ccr.2011.11.002
http://doi.org/10.1002/(SICI)1097-0142(19971015)80:8+&lt;1546::AID-CNCR4&gt;3.0.CO;2-I
http://doi.org/10.1007/s00520-009-0645-z
http://doi.org/10.1200/JCO.2017.75.4614
http://www.ncbi.nlm.nih.gov/pubmed/29035643
http://doi.org/10.1016/j.bone.2021.116243
http://www.ncbi.nlm.nih.gov/pubmed/34757213
http://doi.org/10.1016/j.jbo.2022.100420
http://doi.org/10.4137/CMT.S2035
http://doi.org/10.1038/sj.bjc.6603740
http://doi.org/10.1200/jco.2005.23.16_suppl.3198
http://doi.org/10.1016/j.jbo.2016.06.003
http://doi.org/10.1016/j.jbo.2013.07.004
http://doi.org/10.1200/JCO.1993.11.3.570
http://www.ncbi.nlm.nih.gov/pubmed/8445433
http://doi.org/10.1016/j.jpainsymman.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19364633
http://doi.org/10.3892/mmr.2015.3833
http://doi.org/10.3389/fcell.2022.829788
http://doi.org/10.1016/j.canlet.2003.08.012
http://www.ncbi.nlm.nih.gov/pubmed/15363547
http://doi.org/10.1038/sj.onc.1210329
http://www.ncbi.nlm.nih.gov/pubmed/17325663
http://www.ncbi.nlm.nih.gov/pubmed/26191221


Cancers 2023, 15, 571 13 of 13

38. Peeney, D.; Jensen, S.M.; Castro, N.P.; Kumar, S.; Noonan, S.; Handler, C.; Kuznetsov, A.; Shih, J.; Tran, A.D.; Salomon, D.S.; et al.
TIMP-2 suppresses tumor growth and metastasis in murine model of triple-negative breast cancer. Carcinog 2020, 41, 313–325.
[CrossRef]

39. Munshi, H.G.; Wu, Y.I.; Mukhopadhyay, S.; Ottaviano, A.J.; Sassano, A.; Koblinski, J.E.; Platanias, L.C.; Stack, M.S. Differential
Regulation of Membrane Type 1-Matrix Metalloproteinase Activity by ERK 1/2- and p38 MAPK-modulated Tissue Inhibitor of
Metalloproteinases 2 Expression Controls Transforming Growth Factor-β1-induced Pericellular Collagenolysis. J. Biol. Chem.
2004, 279, 39042–39050. [CrossRef]

40. Scatena, C.; Roncella, M.; Di Paolo, A.; Aretini, P.; Menicagli, M.; Fanelli, G.; Marini, C.; Mazzanti, C.M.; Ghilli, M.; Sotgia, F.; et al.
Doxycycline, an Inhibitor of Mitochondrial Biogenesis, Effectively Reduces Cancer Stem Cells (CSCs) in Early Breast Cancer
Patients: A Clinical Pilot Study. Front. Oncol. 2018, 8, 452. [CrossRef]

41. Addison, C.L.; Pond, G.R.; Zhao, H.; Mazzarello, S.; VanderMeer, L.; Goldstein, R.; Amir, E.; Clemons, M. Effects of de-escalated
bisphosphonate therapy on bone turnover biomarkers in breast cancer patients with bone metastases. Springerplus 2014, 3, 577.
[CrossRef] [PubMed]

42. Clemons, M.J.; Cochrane, B.; Pond, G.R.; Califaretti, N.; Chia, S.K.; Dent, R.A.; Song, X.; Robidoux, A.; Parpia, S.; Warr, D.; et al.
Randomised, phase II, placebo-controlled, trial of fulvestrant plus vandetanib in postmenopausal women with bone only or bone
predominant, hormone-receptor-positive metastatic breast cancer (MBC): The OCOG ZAMBONEY study. Breast Cancer Res. Treat.
2014, 146, 153–162. [CrossRef] [PubMed]

43. Teronen, O.; Laitinen, M.; Salo, T.; Hanemaaijer, R.; Heikkilä, P.; Konttinen, Y.T.; Sorsa, T. Inhibition of matrix metalloproteinases
by bisphosphonates may in part explain their effects in the treatment of multiple myeloma. Blood 2000, 96, 4006–4007. [CrossRef]
[PubMed]

44. Valleala, H.; Hanemaaijer, R.; Mandelin, J.; Salminen, A.; Teronen, O.; Mönkkönen, J.; Konttinen, Y.T. Regulation of MMP-9
(gelatinase B) in activated human monocyte/macrophages by two different types of bisphosphonates. Life Sci. 2003, 73, 2413–2420.
[CrossRef]

45. Nilsson, U.W.; Garvin, S.; Dabrosin, C. MMP-2 and MMP-9 activity is regulated by estradiol and tamoxifen in cultured human
breast cancer cells. Breast Cancer Res. Treat. 2007, 102, 253–261. [CrossRef] [PubMed]

46. Lymperatou, D.; Giannopoulou, E.; Koutras, A.K.; Kalofonos, H.P. The Exposure of Breast Cancer Cells to Fulvestrant and
Tamoxifen Modulates Cell Migration Differently. BioMed Res. Int. 2013, 2013, 147514. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1093/carcin/bgz172
http://doi.org/10.1074/jbc.M404958200
http://doi.org/10.3389/fonc.2018.00452
http://doi.org/10.1186/2193-1801-3-577
http://www.ncbi.nlm.nih.gov/pubmed/25332877
http://doi.org/10.1007/s10549-014-3015-6
http://www.ncbi.nlm.nih.gov/pubmed/24924416
http://doi.org/10.1182/blood.V96.12.4006
http://www.ncbi.nlm.nih.gov/pubmed/11186277
http://doi.org/10.1016/S0024-3205(03)00657-X
http://doi.org/10.1007/s10549-006-9335-4
http://www.ncbi.nlm.nih.gov/pubmed/17031577
http://doi.org/10.1155/2013/147514

	Introduction 
	Methods 
	Trial Design and Study Population 
	Serum Sampling 
	ELISA Analysis 
	Statistical Analyses 

	Results 
	Patient Cohort in the Achilles Study 
	Levels of Circulating Putative Biomarkers over Time 
	Association of Putative Biomarkers with SRE-Free or Overall Survival 

	Discussion 
	Conclusions 
	References

