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Abstract 39 

 40 

Context. The significance of circulating miRNAs in primary aldosteronism (PA) is still largely 41 

unknown.  42 

 43 

Objective. We compared the profiles of circulating miRNAs between unilateral primary 44 

aldosteronism (UPA) and bilateral hyperaldosteronism (BHA) and investigated the potential 45 

role of a newly identified UPA-related miRNA in the pathogenesis of PA.  46 

 47 

Methods. We initially conducted a comprehensive expression analysis of circulating miRNAs 48 

using a qPCR panel in a small number of cases matched for background factors, followed by 49 

validation analysis with a larger sample size for the candidate miRNAs.  50 

 51 

Results. The expression level of one single miRNA, miR-222-3p, was significantly higher in 52 

UPA than in BHA, both in the adrenal veins and the inferior vena cava. Moreover, it was 53 

significantly higher in the adrenal vein on the tumor side compared to the non-tumor side within 54 

the same UPA patients. In primary cultured adrenal cells, miR-222-3p mimics appeared to 55 

increase CYP11B2 expression, although the effect was not statistically significant. However, 56 

transfection with miR-222-3p mimics significantly increased cell proliferation, while 57 



4 

 

transfection with miR-222-3p inhibitors decreased it. CDKN1B was identified as a predicted 58 

target gene of miR-222-3p. Additionally, the expression level of miR-222-3p exhibited a 59 

significant positive correlation with tumor diameter and plasma aldosterone concentration after 60 

saline infusion test.  61 

 62 

Conclusions. The present results demonstrated higher expression of circulating miR-222-3p in 63 

UPA than in BHA, providing a biochemical marker for subtype diagnosis of PA. Moreover, the 64 

correlation of miR-222-3p with adrenal cell proliferation and aldosterone secretion indicated 65 

its significant involvement in the pathogenesis of PA.  66 

 67 

  68 
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Introduction 69 

Primary aldosteronism (PA) is one of the most common causes of secondary hypertension, 70 

although the mechanisms underlying the development and progression of PA remain largely 71 

unknown. Since excess aldosterone causes various cardiovascular and renal diseases as well as 72 

hypertension, early and exact diagnosis and treatment are indispensable (1-2). There are two 73 

major subtypes of PA: unilateral forms of primary aldosteronism (UPA), which can be 74 

pathologically classified as aldosterone-producing adenoma (APA), aldosterone-producing 75 

nodule or micronodule, aldosterone-producing diffuse hyperplasia, or aldosterone-producing 76 

adrenocortical carcinoma, and bilateral hyperaldosteronism (BHA). Surgery is the first-line 77 

treatment for UPA, while pharmacotherapy with mineralocorticoid receptor antagonist is the 78 

first-line treatment for BHA (3-4). Subtype diagnosis is essential in the clinical management 79 

of PA. Although adrenal venous sampling (AVS) is the gold standard for subtype diagnosis, it 80 

is invasive, expensive and technically difficult (5-8). Therefore, a biomarker that can 81 

differentiate between UPA and BHA before surgery would be highly valuable.  82 

 83 

miRNAs are small, non-coding RNAs that can suppress the expression of protein-coding genes 84 

by targeting specific mRNAs (9-10). They are thought to play an important role in the 85 

pathogenesis of various diseases (11-13). Additionally, miRNAs are known to be released from 86 

cells into circulation (14), and circulating miRNAs are considered potential diagnostic 87 
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biomarkers (15).  88 

 89 

In PA, several miRNAs have previously been reported to be differentially expressed in APA 90 

tissue compared to normal adrenal tissue, unilateral adrenal hyperplasia, or nonfunctioning 91 

adrenal adenomas, and to affect aldosterone production or cell proliferation in vitro (16-20). 92 

Regarding circulating miRNAs, several were reported to be differentially expressed in UPA 93 

compared with BHA (21-22). Although the sensitivity and specificity of individual miRNAs 94 

were insufficient, it has been reported that combining multiple miRNAs with machine learning 95 

algorithms can improve diagnostic performance (22). However, the significance of circulating 96 

miRNAs and their pathophysiological role in PA are not fully clarified.  97 

  98 

In this study, we compared the profiles of circulating miRNAs between UPA and BHA using 99 

plasma samples from the adrenal veins obtained through AVS. We also explored novel miRNAs 100 

that might serve as biomarker candidates and play a role in PA pathogenesis.  101 

 102 

Materials and Methods 103 

Human subjects 104 

All patients were diagnosed with primary aldosteronism with one or more positive functional 105 

confirmation tests and were diagnosed as unilateral or bilateral by AVS with ACTH stimulation. 106 
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The lateralized diagnosis was based on the AVS criteria in Japan (23). In brief, a selectivity 107 

index ≥ 5 was used as the criterion for successful catheter insertion into the right or left adrenal 108 

vein and the criteria for lateralization were as follows: UPA was diagnosed in cases meeting 109 

the criteria of "lateralized ratio (LR) > 4" or "LR > 2 and contralateral ratio (CR) < 1," while 110 

BHA was diagnosed in cases with "LR < 2." Fourteen patients were diagnosed with UPA, and 111 

fifty-one patients were diagnosed with BHA. Among these patients, we matched age, sex, and 112 

peripheral blood aldosterone concentration to create a “discovery cohort” for comprehensive 113 

analysis and a “validation cohort” for confirmatory analysis. Adrenal tissues from patients 114 

who underwent adrenalectomy were used for primary culture experiments. The clinical 115 

characteristics of the patients used in the primary culture experiment are shown in 116 

Supplemental Table 1 (24).  117 

 118 

Sample Collection and RNA isolation 119 

All plasma samples were obtained during AVS, immediately frozen in liquid nitrogen, and 120 

stored at −80℃ until analysis. MiRNA isolation from plasma was carried out with a miRNeasy 121 

Mini Kit (QIAGEN) following the manufacturer’s instructions. The samples were thawed and 122 

centrifuged at 3000 xg for 5 min, and 200 μL of supernatant was collected. The supernatant 123 

was lysed in 750 μL of QIAzol (QIAGEN) detergent, which includes 1 μg MS2 RNA (Roche). 124 

RNA was extracted from this lysate following the manufacturer’s instructions included in the 125 



8 

 

miRNeasy Mini Kit (QIAGEN). Finally, RNA was eluted in 30 μL of nuclease-free water.  126 

 127 

miRNA profiling by quantitative PCR panel  128 

Isolated RNA from plasma samples was used for cDNA synthesis using a miRCURY LNA RT 129 

Kit (QIAGEN). The synthesized cDNA was diluted 50-fold and utilized for qPCR panel 130 

analysis using the Human Serum/Plasma Focus miRCURY LNA miRNA Focus PCR Panels 131 

(QIAGEN), which contains 179 different miRNAs commonly found in human serum and 132 

plasma. Inter-sample normalization was performed by global normalization.  133 

 134 

Quantitative real-time PCR validation of each miRNA expression  135 

Reverse transcription was performed in 10 µL volume using the miRCURY LNATM RT Kit 136 

(QIAGEN). One-thirtieth of the obtained cDNA was used for individual qPCR assays using a 137 

miRCURY LNATM SYBR Green PCR kit (QIAGEN), miRCURY LNA™ miRNA PCR Assays 138 

(QIAGEN) of each miRNA and Step One Plus system (Applied Biosystem). We used the 139 

following PCR assays: hsa-let-7a-5p (GeneGlobe ID: YP00203906), hsa-let-7f-5p (GeneGlobe 140 

ID: YP00204359), hsa-miR-125a-5p (GeneGlobe ID: YP00204339), hsa-miR-136-5p 141 

(GeneGlobe ID: YP00204779), hsa-miR-222-3p (GeneGlobe ID: YP00204551), hsa-miR-324-142 

3p (GeneGlobe ID: YP00204303), hsa-miR-2110 (GeneGlobe ID: YP00204328) and hsa-miR-143 

191-5p (GeneGlobe ID: YP00204306). We used miR-191-5p as an endogenous control to 144 
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normalize miRNA expression levels, as it was identified as having the lowest standard 145 

deviation and the most stable expression in the discovery cohort analysis by NormFinder 146 

algorithm (25). 147 

 148 

Quantitative real-time PCR of mRNA expression 149 

For quantitative real-time PCR (qPCR) analysis of CYP11B2, CDKN1B and ACTB transcripts, 150 

500 μg of total RNA was reverse transcribed into cDNA using PrimeScript™ RT reagent Kit 151 

(TaKaRa, Kyoto, Japan) and performed on a Step One Plus system (Applied Biosystems, Foster 152 

City, CA) using Fast SYBR® Green Master Mix (Thermo Fisher Scientific, Vilnius, Lithuania). 153 

The sequences of each primer are shown in Supplemental Table 2 (26). 154 

 155 

Cell seeding and miRNA inhibitors and miRNA mimics transfection 156 

For the in vitro study, we used primary culture of APA tumoral cells and surrounding “normal 157 

adrenal” cells. The primary APA and “normal adrenal” cells were prepared from surgical 158 

adrenal tissues immediately after adrenalectomy. From the resected adrenal tissue, we collected 159 

APA cells from visibly tumorous areas and surrounding normal adrenal cells from regions 160 

grossly adjacent to the tumor. CYP11B2 mRNA expression was significantly higher in 161 

tumorous cells than in normal adrenal cells (Supplemental Figure 1 (27)). They were cultured 162 

in GibcoTM DMEM/F12, GlutamaxTM supplement (Fisher Scientific), with 10% fetal bovine 163 
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serum, ITS Liquid Media Supplement (Sigma-Aldrich), and 0.1 ng/ml basic fibroblast growth 164 

factor (Biovender Laboratory System).  165 

The cells were seeded into culture plates 24 hours before transfection. Following the 166 

manufacturing protocol, transfection experiments were performed using mirVanaTM (Thermo 167 

Fisher) miRNA inhibitors and miRNA mimics with Lipofectamine RNAiMAX (Invitrogen). 168 

We used mimics at a concentration of 30 nM and inhibitors at 100 nM.  169 

 170 

Cell proliferation assay 171 

We evaluated cell proliferation 48 and 72 hours after transfection of miRNA mimics or 172 

inhibitors using Cell Count Reagent SF (Nacalai tesque Inc, Kyoto, Japan), in accordance with 173 

the manufacturing protocol.  174 

 175 

Statistical analysis 176 

R 4.2.2 software was used for statistical analyses. All data are expressed as the mean for 177 

parametric variables and as the median for nonparametric variables. Student’s t-test was used 178 

to compare quantitative variables. The Mann-Whitney U test was used to compare 179 

nonparametric variables. Values of P ˂0.05 were considered to indicate significant differences. 180 

In analyzing the accuracy of unilateral PA diagnosis, the optimal receiver operating 181 

characteristic (ROC) curve cutoff point for each parameter was determined using the maximum 182 
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Youden index. The Youden index was calculated by subtracting 1 from the sum of the 183 

sensitivity and specificity. Univariate correlations were evaluated as Pearson’s correlation 184 

coefficient, since each parameter was normally distributed.  185 

 186 

Ethical statement  187 

The study was conducted in accordance with the Declaration of Helsinki Guidelines and the 188 

guidelines for clinical studies published by the Ministry of Health and Labor, Japan. It was 189 

approved by the ethics committees of the National Hospital Organization Kyoto Medical 190 

Center and Kyoto University Graduate School and Faculty of Medicine, Ethics Committee. All 191 

participants in this study provided written informed consent for specimen collection.  192 

 193 

Results 194 

Comparison of circulating miRNA between UPA and BHA using adrenal vein samples 195 

Initially, we compared 5 UPA cases with 5 BHA cases. These cases, matched based on basic 196 

clinical characteristics, comprised the "discovery cohort".  The clinical characteristics of the 197 

“discovery cohort” are shown in Table 1 and Supplemental Table 3 (28). Patients were matched 198 

for age, gender, and peripheral aldosterone levels, and we restricted the “discovery cohort” to 199 

male patients only, as even menstrual cycles can alter the overall circulating miRNA profile 200 

(29). We compared adrenal venous samples from sites closest to each lesion: the tumor side in 201 
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UPA and the aldosterone-higher side in BHA. As a result, we identified 7 miRNAs that were 202 

significantly differentially expressed between the UPA tumor side (UPA-T) and the BHA 203 

aldosterone-higher side (Supplemental Figure 2 (30) and Excel data (31)). In this analysis, a p-204 

value of <0.05 in the corresponding t-test, without correction for multiple comparisons, was 205 

considered statistically significant.  206 

Next, we analyzed the expression of these 7 miRNAs in a “validation cohort” consisting of 9 207 

matched cases. The clinical characteristics of the “validation cohort” are shown in Table 2 and 208 

Supplemental Table 3 (28).  209 

Among the 7 miRNAs, miR-222-3p was also significantly elevated on the UPA-tumor side 210 

(UPA-T) and miR-136-5p showed a similar pattern as observed in the discovery cohort (Figure 211 

1).  212 

 213 

Evaluation of the candidate circulating miRNA using IVC samples 214 

Then, we analyzed these two miRNAs using IVC samples from the same patients. Only miR-215 

222-3p was significantly elevated in the UPA group compared to the BHA group (Figure 2). 216 

However, ROC analysis of miR-222-3p for differentiating UPA from BHA indicated that its 217 

sensitivity and specificity were insufficient for use as a biomarker, with the sensitivity and 218 

specificity values of 64.3 % and 78.6 %, respectively (AUC 0.735[95%CI 0.546-0.923]).  219 

 220 
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Comparison of circulating miR-222-3p between UPA-tumor side and non-tumor side 221 

On the other hand, when we analyzed all 14 UPA cases, the expression of miR-222-3p was 222 

significantly higher on the tumor side (UPA-T) compared to the non-tumor side (UPA-223 

nT) within the same cases (Figure 3).  224 

 225 

Transfection of miR-222-3p mimic and miR-222-3p inhibitor to adrenal primary cultured 226 

cells 227 

It has been reported that miR-222-3p promotes cell proliferation and inhibits apoptosis in 228 

several cell types (32-34), but its significance in adrenal cells has not been clarified yet.  229 

We therefore analyzed the effects of miR-222-3p on primary cultured cells from human APA 230 

and adjacent non-tumor adrenocortical cells (surrounding “normal adrenal“ tissue). Using 231 

miRNA mimics and inhibitors, we evaluated whether miR-222-3p affects cell proliferation or 232 

aldosterone production in adrenal primary cultured cells.  233 

Transfection with miR-222-3p mimic resulted in a significant increase in the miRNA 234 

expression, approximately one thousand-fold, compared to the negative control in both APA 235 

cells and surrounding “normal adrenal” cells. In contrast, transfection with miRNA inhibitor 236 

reduced the miRNA expression to approximately 30–40% of the levels observed in the negative 237 

control (Figure 4).  238 

 239 
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Evaluation of the effect of miR-222-3p on CYP11B2 expression 240 

First, we evaluated the effect of miR-222-3p on CYP11B2 expression. There appeared to be a 241 

tendency for miR-222-3p mimic to increase CYP11B2 expression in both APA cells and 242 

surrounding “normal adrenal” cells, although the effect was not statistically significant. The 243 

inhibitor did not affect the expression of CYP11B2 either in APA cells or in “normal adrenal” 244 

cells after 48-hours of transfection (Figure 5 and Supplemental Figure 3 (35)).  245 

 246 

Evaluation of the effect of miR-222-3p on adrenal cell proliferation 247 

Next, we evaluated cell proliferation in APA cells and surrounding “normal adrenal” cells using 248 

the WST-8 assay. In APA cells, cell proliferation significantly increased after 72 hours of 249 

transfection with miR-222-3p mimic, and decreased after 48 and 72 hours of transfection with 250 

inhibitors (Figure 6A and Supplemental Figure 4A (36)). Similarly, in surrounding “normal 251 

adrenal” cells, proliferation significantly increased after 72 hours of transfection with the 252 

mimic, and decreased after 48 and 72 hours of transfection with inhibitor (Figure 6B and 253 

Supplemental Figure 4B (36)).  254 

 255 

Evaluation for the effect of miR-222-3p on CDKN1B expression 256 

Regarding miR-222-3p's effects on cell proliferation, it has been reported that it would target 257 

CDKN1B, a gene which controls the cell cycle, in several types of cells (37-38). Several 258 
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different target prediction tools identify CDKN1B as one of the potential target mRNAs of miR-259 

222-3p (39-40).  260 

We then evaluated CDKN1B mRNA expression following transfection with miR-222-3p mimic 261 

or inhibitor in adrenal primary cultured cells. CDKN1B mRNA expression tended to decrease 262 

with the mimics and significantly increased with the inhibitors, in both APA cells and 263 

surrounding “normal adrenal “cells (Figure 7 and Supplemental Figure 5 (41)).  264 

 265 

Correlation between miR-222-3p expression level and clinical parameters  266 

To further investigate the significance of miR-222-3p in the pathogenesis of PA, we examined 267 

its correlation with clinical parameters in UPA cases. The expression level of miR-222-3p in 268 

the adrenal vein on the tumor side of UPA cases showed a significant positive correlation with 269 

tumor diameter (Figure 8A). Additionally, while miR-222-3p expression in the tumor-side 270 

adrenal vein did not correlate with baseline plasma aldosterone concentration (PAC) or PAC in 271 

adrenal venous blood (data not shown), it showed a significant positive correlation with PAC 272 

after saline infusion test (Figure 8B).  273 

On the other hand, when we compared miR-222-3p expression levels between BHA patients 274 

with tumors (6 cases) and those without tumors (8 cases), no significant difference in miR-222- 275 

3p expression levels was observed between the two groups (Supplemental Figure 6 (42)). 276 

Based on these findings, we think that miR-222-3p may not be merely a marker of adrenal 277 
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tumor.  278 

 279 

Discussion 280 

In the present study, we found that circulating miR-222-3p is more highly expressed in UPA 281 

patients than in BHA patients and that this miRNA has a cell-promoting effect on adrenal 282 

primary cultured cells.   283 

 284 

Previous studies on miRNAs in APA tissue have shown that the expression of miR-10b, miR-285 

24, miR-203, and miR-193a-3p are significantly decreased in APA tissue compared to adjacent 286 

adrenal tissues (16, 18, 19). Similarly, the expression of miR-375 has been significantly 287 

decreased in APA tissue compared to unilateral hyperplasia (17), and the expression of miR-288 

34a and miR-370 has been significantly decreased in APA tissue compared to nonfunctioning 289 

adrenal adenomas (20). Regarding circulating miRNAs, miR-30e-5p, miR-30d-5p, and miR-290 

7-5p were significantly lower in APA compared to bilateral hyperplasia (21). Additionally, 291 

miR-24-3p, miR-99b-5p, miR-130b-3p, miR-146a-5p, miR-151a-3p and miR-199a-3p were 292 

significantly lower in UPA compared to bilateral hyperplasia (22).  293 

In the current study, miR-99b-5p and miR-199a-3p showed a trend toward lower expression in 294 

UPA compared to BHA, consistent with a previous report using adrenal vein samples (Since 295 

the difference was not statistically significant in the comprehensive analysis, we did not 296 



17 

 

proceed to validation for these miRNAs). On the other hand, no obvious differences were 297 

observed for miR-7-5p, miR-10b, miR-24, miR-30e-5p, miR-30d-5p, miR-34a, miR-130b-3p, 298 

miR-146a-5p, miR-151a-3p, miR-193a-3p and miR-375 in the comprehensive analysis. miR-299 

203 and miR-370 were not examined in the current study, as they are not commonly found in 300 

human serum or plasma and were not included in the qPCR panel used for the initial 301 

comprehensive analysis.  302 

There are several possible reasons for these differences. First, differences in the presence or 303 

absence of somatic gene mutations in APA may have affected miRNA expression. Nakano et 304 

al. reported that miR-299 levels were lower in APA with KCNJ5 mutation than in APA 305 

without it (20). However, we were unable to examine APA somatic mutations in our study 306 

because surgical specimens from UPA cases used in the discovery and validation cohorts were 307 

not archived. Second, patient background factors such as gender and race may have differed 308 

between the present and previous studies, influencing miRNA expression (43-44). In this study, 309 

the discovery cohort consisted entirely of males, whereas in the previous study, half of the 310 

discovery cohort was female. Additionally, this study exclusively involves Japanese 311 

participants, while the previous study was conducted in Europe, where the proportion of Asians 312 

is considered relatively small. Third, differences in the platforms used to comprehensively 313 

miRNA analysis (qPCR, microarray, or NGS) may also account for the variation in results (45). 314 

 315 
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One of the strengths of this study is the finding that miR-222-3p expression was higher in the 316 

adrenal vein on the tumor side compared to the non-tumor side within the same UPA cases. 317 

This observation suggests that miR-222-3p may be associated with cell proliferation in the 318 

pathogenesis of PA. Several studies have shown that miR-222-3p can promote cell proliferation 319 

in various cell types (32-34). However, to our knowledge, no studies have investigated the 320 

significance of miR-222-3p in PA or other adrenal diseases. 321 

 322 

Increased aldosterone production and dysregulated adrenocortical cell growth are thought to 323 

play a role in the etiology of PA. Although pathogenic germline and somatic variants leading 324 

to excess aldosterone production have been well identified (46), the mechanisms driving cell 325 

proliferation and tumor formation remain unclear (47). Several miRNAs previously implicated 326 

in PA have been suggested to contribute to pathogenesis by affecting aldosterone synthase 327 

expression and/or cell proliferation. For example, miR-24 has been reported to reduce 328 

CYP11B2 expression and aldosterone secretion (16), while miR-375 has been shown to inhibit 329 

cell proliferation (17). Additionally, miR-203 and miR-193a-3p have been reported to decrease 330 

cell proliferation and aldosterone hypersecretion (18-19).  331 

In the current study, miR-222-3p tended to increase CYP11B2 expression in adrenal primary 332 

cultured cells and significantly promoted cell proliferation in these cells. Additionally, the 333 

expression level of miR-222-3p showed a significant positive correlation with tumor diameter 334 
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and with aldosterone concentration after saline infusion test, which is considered a good 335 

indicator of autonomous aldosterone secretion. These results suggest that miR-222-3p may 336 

contribute to the pathogenesis of PA primarily by promoting cell proliferation and increasing 337 

the number of pathological cells, and consequently enhancing autonomous aldosterone 338 

secretion. This finding may provide insights into some of the mechanisms underlying PA 339 

development.  340 

 341 

miRNAs are thought to be involved in the pathogenesis of many diseases by binding to mRNAs 342 

of target genes based on sequence complementarity and suppressing their expression (48). 343 

Multiple prediction tools have identified CDKN1B as a likely target gene for miR-222-3p (39-344 

40). CDKN1B regulates the G1 phase of the cell cycle, slowing or arresting cell division (49), 345 

and is known to be the causative gene for a subtype of multiple endocrine neoplasia that can 346 

also produce adrenal tumors (50-51). Several studies have reported that miR-222-3p may 347 

promote cell proliferation by downregulating CDKN1B expression in various cell types (37-348 

38). In the current study, we found that CDKN1B expression may also be downregulated by 349 

miR-222-3p in adrenal cells. However, this finding is based solely on mRNA analysis, which 350 

is insufficient to confirm the effect. Further studies, including reporter assays and protein-level 351 

analyses, are needed to validate this phenomenon. 352 

 353 
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miRNAs are thought to be released from various cell types into the extracellular space, where 354 

they can be taken up by neighboring or distant cells and subsequently modulate recipient cell 355 

function (52). Some circulating miRNAs have been reported to play important roles in cancer 356 

progression and cardiovascular diseases (53-54). There are several possible explanations for 357 

the finding that miR-222-3p is more upregulated in the adrenal venous blood of UPA patients. 358 

One possibility is that miR-222-3p produced in other tissues is transported to the adrenal gland, 359 

where it promotes adrenal cell proliferation. Alternatively, tumorigenic adrenal cells or 360 

surrounding adrenal tissue may secrete miR-222-3p. To gain further insight, we need to 361 

investigate the absolute expression level and specific localization of miR-222-3p in APA 362 

adrenal tissue using in-situ hybridization or other techniques.  363 

 364 

In this study, miR-222-3p expression was significantly higher in the UPA group than in the 365 

BHA group, even at IVC levels (Figure 2), but the sensitivity and specificity were insufficient 366 

for it to serve as a stand-alone biomarker for differentiating UPA from BHA. However, it may 367 

be possible to use miR-222-3p for the differential diagnosis when combined with other clinical 368 

indicators, such as serum potassium levels, adrenal imaging findings, or patient gender. Further 369 

analysis is needed. 370 

 371 

Our study has several limitations. First, the possibility of micro-APA in cases with BHA cannot 372 
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be ruled out, which may have resulted in false negatives when comparing miRNA expression 373 

between the UPA and BHA groups, potentially obscuring the detection of meaningful miRNAs. 374 

Second, the number of cases in this study was relatively small. Due to the limited sample size 375 

in the discovery cohort, some differentially expressed miRNAs between the two groups may 376 

not have been detected as candidate miRNAs. Moreover, the small sample size in the validation 377 

cohort may have prevented the full exclusion of confounding factors, such as comorbidities. 378 

Further studies are needed to verify whether similar results can be obtained in a larger, more 379 

general population. Third, the miRNA qPCR panel used in this study contained only 179 380 

miRNAs commonly found in human serum and plasma. Therefore, we did not analyze all 381 

currently known miRNAs. Fourth, surgical specimens from UPA cases in the discovery and 382 

validation cohorts were not archived, so we were unable to examine the presence of known 383 

somatic gene mutations (e.g., KCNJ5) in UPA cases. Fifth, although it is necessary to analyze 384 

whether miR-222-3p acts via CDKN1B in adrenal cells at the protein level, the available 385 

quantity of primary cultured cells was insufficient for this analysis.  386 

 387 

Conclusions 388 

Circulating miR-222-3p was more highly expressed in UPA patients than in BHA patients in 389 

the adrenal and peripheral veins. Furthermore, we demonstrated a significant correlation 390 

between miR-222-3p levels and adrenal cell proliferation as well as autonomous aldosterone 391 
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secretion, suggesting its substantial involvement in the pathogenesis of PA.  392 
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Figure Titles and Figure Legends 604 

Figure 1. Relative expression levels of the 7 miRNAs that were significantly differentially 605 

expressed in the discovery cohort were examined in the validation cohort. 606 

 607 

Relative expression levels of each miRNA were quantified by qPCR. miR-191-5p was used 608 

as internal control. Data are presented as the mean ± SEM from nine patients. Asterisks (*) 609 

indicate significant differences (p <0.05).  610 

 611 

 612 

 613 

 614 
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Figure 2. Relative expression levels of miR-222-3p and miR-136-5p in IVC samples. 615 

 616 

Relative expression levels of each miRNA were quantified by qPCR. miR-191-5p was used 617 

as internal control. Data are presented as the mean ± SEM from fourteen patients. Asterisks 618 

(*) indicate significant differences (p <0.05).  619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 
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Figure 3. The comparison of the miR-222-3p expression in UPA tumor side and in non-tumor 627 

side within the same patient.  628 

 629 

Relative expression level of miR-222-3p was quantified by qPCR. miR-191-5p was used as 630 

internal control. Data are presented as the mean ± SEM from fourteen patients. Double 631 

asterisks (**) indicate significant differences (p <0.01).  632 

 633 

 634 

 635 

 636 

 637 

 638 
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Figure 4. The changes of miR-222-3p expression by miRNA mimic or inhibitor. 640 

 641 

Relative expression level of miR-222-3p mRNA was quantified by qPCR. Data are presented 642 

as the mean ± SEM from three wells. Daggers (†) indicate significant differences (p <0.001 643 

vs each NC).  644 

 645 

 646 

 647 

 648 

 649 
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Figure 5. The changes in CYP11B2 expression induced by miR-222-3p mimic or inhibitor in 650 

Patient T1.  651 

 652 

Relative expression level of CYP11B2 mRNA was quantified by qPCR. ACTB mRNA was 653 

used as internal control. The transfection experiment was performed once per patient and 654 

qPCR analysis was conducted three times. Data are presented as the mean ± SEM from three 655 

wells.  656 

 657 

 658 

 659 

 660 
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Figure 6. The changes in cell viability induced by miR-222-3p mimic or inhibitor in Patient 661 

T1. (A) APA cells. (B) surrounding “normal adrenal” cells.  662 

  663 

 664 

OD = optical densities at 450nm were measured. The transfection experiment was performed 665 

once per patient and cell viability analysis was conducted three times. Data are presented as 666 

the mean ± SEM from three wells. Asterisks (*) indicate significant differences (p <0.05 vs 667 

each NC).  668 

 669 
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Figure 7. The changes in CDKN1B expression induced by miR-222-3p mimic or inhibitor in 670 

Patient T1. 671 

 672 

Relative expression level of CDKN1B mRNA was quantified by qPCR. ACTB mRNA was 673 

used as internal control. The transfection experiment was performed once per patient and 674 

qPCR analysis was conducted three times. Data are presented as the mean ± SEM from three 675 

wells. Asterisks (*) indicate significant differences (p <0.05 vs NC).  676 

 677 

 678 

 679 
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Figure 8. (A) Correlation between miR-222-3p expression and tumor diameter (B) 680 

Correlation between miR-222-3p expression and PAC after saline infusion test.  681 

 682 

Univariate correlations were evaluated as Pearson’s correlation coefficient. R indicates the 683 

correlation coefficient. Asterisks (*) and double asterisks (**) indicate significant differences 684 

(p <0.05 and p <0.01, respectively).  685 

 686 

 687 

 688 

 689 
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Table 1. The clinical characteristics of the “discovery cohort”.  690 

 Group 
age 

(years) 
gender 

BMI 

(kg/m2) 

Serum K+ 

(mmol/L) 

PRA 

(µg/L/h) 

PAC 

(pmol/L) 

D1 UPA 48 male 21.3 4.1 0.4 488.224 

D2 UPA 65 male 21.6 3.6 0.2 662.986 

D3 UPA 44 male 31.0 4.6 0.3 632.472 

D4 UPA 60 male 22.7 3.3 0.8 1037.476 

D5 UPA 63 male 24.2 3.6 0.1 826.652 

mean  56.0  24.2 3.8 0.4 729.562 

D6 BHA 53 male 27.5 4.1 0.5 804.46 

D7 BHA 48 male 23.3 4.5 0.2 460.484 

D8 BHA 66 male 28.5 3.1 0.9 1004.188 

D9 BHA 58 male 26.8 3.9 0.6 693.5 

D10 BHA 38 male 28.4 3.9 0.2 435.518 

mean  52.6  26.8 3.9 0.5 679.63 

p value  0.605 1.00 0.223 0.857 0.521 0.734 

Student’s t test was used to compare parametric variables. Pearson’s χ2 test was used for 691 

categorical parameters.  692 

BMI, body mass index; PRA, plasma renin activity and PAC, plasma aldosterone 693 

concentration. 694 

  695 
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Table 2. The clinical characteristics of the “validation cohort”.  696 

 Group 
age 

(years) 
gender 

BMI 

(kg/m2) 

Serum K+ 

(mmol/L) 

PRA 

(µg/L/h) 

PAC 

(pmol/L) 

V1 UPA 64 female 17.9 3.6 0.2 685.178 

V2 UPA 56 male 25.6 3.1 0.2 405.004 

V3 UPA 64 female 30.3 3.0 0.3 851.618 

V4 UPA 39 male 31.3 3.4 0.1 490.998 

V5 UPA 56 female 26.9 3.9 0.5 438.292 

V6 UPA 54 female 30.4 3.6 0.1 527.06 

V7 UPA 63 male 26.3 3.9 0.9 868.262 

V8 UPA 60 male 23.2 3.0 0.8 1215.012 

V9 UPA 44 female 20.3 3.4 0.3 621.376 

mean or 

median 
 55.6  25.8 3.4 0.3 678.089 

V10 BHA 53 female 20.1 3.9 0.1 416.1 

V11 BHA 68 female 23.3 4.1 0.2 729.562 

V12 BHA 58 male 24.7 3.7 0.1 443.84 

V13 BHA 56 female 27.1 3.7 0.8 549.252 

V14 BHA 57 female 21.3 4.0 0.3 429.97 

V15 BHA 42 male 28.3 3.1 0.8 463.258 

V16 BHA 62 female 20.9 5.3 0.1 496.546 

V17 BHA 52 male 26.2 4.0 0.6 374.49 

V18 BHA 51 male 25.8 4.1 0.4 291.27 

mean or 

median 
 55.4  24.2 4.0 0.3 466.032 

p value  0.977 1.00 0.392 0.011* 0.928 0.063 

Student’s t test was used to compare parametric variables. The Mann-Whitney U test was 697 

used to compare nonparametric variables. Pearson’s χ2 test was used for categorical 698 

parameters. Asterisks (*) indicate significant differences (p <0.05).  699 

 700 

 701 


